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transmission  electron  microscope  (TEM)  surface  replica  imaging  and  electron 
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EVALUATICN 


This  project  was  proposed  to  RADC  by  the  former  MOSTEK  Corporation  in 
response  to  a  general  PR  DA  announcement  on  Failure  Mechanisms  in 
Microelectronics.  An  important,  attractive  feature  of  the  contractor's  proposed 
effort  was  his  intention  to  do  a  study  of  the  "latent"  physical  defects  in  thin  film 
silicon  dioxide  test  capacitors,  in  addition  to  the  usual  electrical  lifetime 
characterization.  This  he  did,  using  TEM  surface  replica  imaging  and  biased  EBIC 
sample  current  imaging. 

The  effort  involved  study  of  the  time  dependent  dielectric  breakdown 
characteristics  of  oxides  of  200  Angstrom,  100  Angstrom,  and  50  Angstrom 
thickness  under  constant  current  stress.  Current  and  temperature  were 
the  main  stress  variables  used.  The  test  vehicle  was  a  small  (less  than  .001  square 
centimeter)  poly  silicon/silicon  dioxide/silicon  capacitor  fabricated  with  a  process 
similar  to  that  used  in  commercial  dynamic  random  access  memory  (DRAM) 
products.  The  test  matrix  included  34  wafers  of  test  capacitors,  arranged  in  17 
cells,  with  about  1200  individual  capacitors  per  cell. 

An  automated  wafer  level  system  was  used  to  control  stress  and  log  data. 
Sample  voltage  was  monitored  during  stress,  and  C-V  curves  were  taken  initially 
and  after  partial  stress.  Lifetime  statistics,  trapped  charge  density,  and  trap 
generation  rate  were  extracted  from  the  data.  An  attempt  was  made  to  correlate 
electrical  test  results  with  physical  characteristics  of  the  films,  such  as  latent 
defect  type,  density  and  location,  as  determined  by  transmission  electron 
microscope  (TEM)  surface  replica  imaging  and  electron  beam  induced  current 
(EBIC)  unbiased  and  biased  sample  current  imaging  techniques,  which  were  done  on 
both  stressed  (failed)  and  unstressed  samples. 

Qualitatively,  the  50  Angstrom  films  exhibited  about  10  times  lower  trap 
generation  rates  and  correspondingly  lower  trapped  charge  densities  at  failure  than 
the  200  Angstrom  films.  The  50  Angstrom  films  also  had  lower  latent  defect 
densities,  especially  at  the  gate/field  oxide  periphery.  (Section  6  summarizes 
conclusions). 

Most  of  the  raw  data  from  this  experiment  is  available  on  mag  tape.  At 
another  time,  further  analysis  may  be  done  to  look  more  carefully  at  lifetime  vs. 
wafer  position,  early  vs.  main  population  failure  modes,  and  failed  vs.  surviving 
capacitor  electrical  characteristics. 

DANIEL  J.'^BURNS 
Project  Engineer 
RADC/RBRP 
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Time  Dependent  Breakdown  of  Silicon  Dioxide  under 
Constant  Tunneling  Current  Stress 


1.0  INTRODUCTION 

The  scaling  of  microcircuits  in  order  to  achieve  higher 
packing  densities  and  performance  (1]  has  resulted  in  the 
introduction  of  scaled  oxides  on  the  order  of  100  Angstroms 
thick  or  less.  This  document  contains  a  study  of  time 
dependent  breakdown  characteristics  of  oxides  in  the  200 
Angstrom,  100  Angstrom  and  50  Angstrom  thickness  range  under 
constant  current  stress. 

A  Hadamard  matrix  technique  has  been  used  to  study  the 
effects  of  constant  current  electrical  stress,  oxide 
thickness  and  its  interdependence  with  the  accelerating 
variables  time  dependence,  radiation  effects  and  elevated 
temperature  on  charge  trapping  and  oxide  breakdown.  An 
attempt  was  made  to  gain  some  understanding  of  the 
fundamentals  of  the  oxide-silicon  interface  characteristics; 
as  well  as,  the  nature  of  latent  defects  and  their 
development  in  the  oxide.  A  goal  was  to  gain  some 
understanding  of  oxide  defect  interaction  with  these 
acceleration  variables.  One  of  the  main  objectives  of  the 
study  was  to  develop  a  mathematical  model  expressing  the 
effects  and  interdependencies  of  the  test  variables  on 
charge  trapping  and  oxide  breakdown. 

An  automated  prober  system  with  computer  control  of 
electrical  stress,  temperature  stress  and  computerized  data 
aquisition  and  analysis  of  the  electrical  data  was  used  in 
this  study.  The  system  and  software  will  be  discussed  in 
the  experimental  set-up  section  of  this  document. 
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less  than  0.001  square  centimeters  in  area  and  are  oxide 
test  vehicles  of  the  type  used  for  oxide  feasibility 
studies.  The  fabrication  process  used  to  produce  these  test 
capacitors  was  that  similar  to 

the  process  used  to  produce  commercially  available  dynamic 
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random  access  memories  (N  polysilicon/( silicon-dioxide )/P 
silicon ) . 

Physical,  as  well  as  electrical  analytical  techniques 
were  used  in  the  characterization  effort.  These  techniques 
included  TEM  replication  [2]  of  the  capacitor  oxide  surfaces 
of  electricaly  good  and  failed  test  capacitors  and  SEM 
signal  current  (with  and  without  negative  bias)  study  of 
some  of  the  good  and  failed  oxides  of  the  cell  capacitors; 
the  Si  substrate  under  some  of  the  cell  capacitors  was 
replicated  to  study  any  relationship  between  Si  defects  and 
defects  in  the  capacitor  oxides. 

One  of  the  objects  of  this  investigation  was  to  attempt 
to  physically  image  latent  defects  or  the  physical  effects 
of  these  latent  defects  in  the  oxides  using  TEM  replicas 
and/or  the  SEM  signal  current  technique  and  to  relate  what 
was  detected  in  the  physical  data  to  what  is  observed  in  the 
electrical  data.  Other  techniques,  such  as  liquid  crystal 
detection  of  high  current  points,  can  be  used  to  image  areas 
drawing  high  current  in  thin  oxides;  [3]  however,  it  was 
hoped  that  signal  current  imaging  would  provide  lower 
current  detection  limits  than  other  methods. 

Another  object  was  to  study  the  effects  of  and 
interactions  of  the  several  stress  variables  on  the  rate  of 
trap  generation  and  oxide  breakdown  and  to  study  the 
relationship  between  this  and  the  development  of  and/or 
activation  of  early  life  failures  and  latent  defects  in  the 
oxides  and  to  draw  a  mathematical  conclusion  expressing  the 
effects  and  interdependencies  of  these  test  variables  on 
charge  trapping  and  oxide  breakdown. 

The  replica  technique  has  been  used  with  the  voltage 
ramp  method  of  stressing  oxides  to  image  defects  in  the 
oxides  in  the  past  [4];  therefore,  it  is  a  logical  technique 
to  use  in  the  evaluation  of  oxides  under  constant  current 
stress.  Differences  between  what  was  detected  with  oxides 
stressed  using  the  voltage  ramp  method  and  oxides  stressed 
under  constant  current  were  observed. 

Some  of  this  data  was  presented  to  RADC  in  the  two  oral 
presentations  (51.  Three  physical  defects  could  be  detected 
using  this  technique,  round  pin  holes,  larger  areas  that 
seemed  to  be  thin  areas  in  the  oxide  and  oxide  defects 
that  looked  like  two  small  marks  in  the  oxide.  When  the 
substrate  Si  under  the  oxide  was  replicated,  it  was  seen  that 
the  "two  mark"  defects  ■•/ere  related  to  material  defects  in 
the  Si  substrate  (6). 


One  might  expect  the  constant  current  stress  method  to 
yield  different  results,  and  it  did.  In  general,  the  three 
physical  defects  seen  in  the  voltage  ramp  method  were  not 
seen  in  the  constant  current  stress  method. 

It  was  determined  that  signal  current  with  no  bias 
would  not  show  the  oxide  defects;  therefore,  a  variable 
negative  bias  was  applied  to  the  substrate  so  that  the  image 
of  the  oxide  defects  was  enhanced  (the  technique  will  be 
expounded  upon  in  the  experimental  set-up  and  physical 
analysis  sections). 

This  work  represents  the  effort  of  several  persons  in 
the  Advanced  Technology  Group  and  Reliability  Group  at 
SGS-Thomson  Microelectronics  over  a  2  year  period.  Thanks 
are  expressed  to  all  persons  involved  in  the  effort  over  the 
last  two  years. 

We  hoped  to  explore  some  new  areas  in  this  study  and 
develop  a  clearer  understanding  of  the  physics  of  these 
ultra-thin  oxides. 

2.0  EXPERIMENTAL  DESIGN 

The  experiment  was  designed  to  be  run  using  standard 
VLSI  test  vehicles  of  a  type  used  in  development  work 
involving  DRAMs.  The  test  vehicles  have  been  designed  to  be 
tested  with  an  automated  stress  and  characterization  system 
to  yield  data  for  evaluation  of  the  effects  of  the  several 
stress  factors  used  in  this  experiment  on  the  integrity  of 
the  thin  oxides  in  the  test  vehicles.  The  development  of 
latent  defects  in  these  test  vehicles  was  monitored  using 
analytical  methods  that  can  provide  relationships  between 
the  integrity  of  the  oxides  unde r  test  and  the  stress 
factors . 

The  fabrication  and  structure  of  the  test  vehicles  will 
be  more  fully  covered  in  the  sample  preparation  section  of 
this  technical  report. 

2.1  SCOPE  OF  THE  PROJECT 

The  scope  of  the  project  is  the  study  of  defects 
produced  in  thin  oxides  in  the  three  thickness  ranges,  50 
Angstroms,  100  Angstroms  and  200  Angstroms,  under  constant 
current  stress,  and  the  evaluation  of  the  processes  involved 
in  ultra-thin  silicon  dioxide  breakdown. 
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The  effects  of  and  interaction  of  oxide  thickness, 
constant  current  stress,  temperature,  time  and  radiation 
exposure  on  the  rate  of  trap  generation  and  oxide  breakdown 
were  to  be  studied.  The  development  of  latent  oxide  defects 
was  electrically  and  physically  monitored  in  the  ultra-thin 
oxide  of  the  capacitors. 

Three  characterization  techniques  were  used  in  the 
study  of  these  ultra-thin  oxides:  electrical 
characterization  ( I-V  and  C-V) ,  TEM  replica  imaging  and  SEM 
imaging  using  unbiased  and  negative  biased  signal  current 
and  secondary  electron  imaging. 

2.1.1  The  Object  of  the  Experiment 

The  object  of  the  experiment  was  to  gain  knowledge  of 
the  effects  of  several  stress  factors  on  the  production  of 
defects  in  these  ultra-thin  oxides  and  the  development  of 
latent  defects  and  to  produce  a  mathematical  model  for  the 
interrelation  between  these  stress  factors  and  oxide 
quality,  latent  oxide  defects  and  charge  trapping. 

2.1.2  Background  Research 

Scaling  of  VLSI  design  dimensions  has  occured  in  recent 
years  in  order  to  provide  for  higher  packing  density  and 
better  circuit  performance;  therefore,  reliability  of  oxides 
in  the  30-300  Angstrom  thickness  range  is  of  deep  concern. 

Concerns  include  the  reliability  of  such  oxides  under 
radiation  exposure,  electric  field  stress  and  tunneling 
current  leakage.  Study  of  the  tunneling  characteristics  and 
dielectric  breakdown  modes  of  oxides  in  this  range  of 
thickness  may  provide  an  understanding  of  the  dielectric 
strength  and  oxide-silicon  interface  characteristics  of 
these  oxides.  The  relationship  between  these  stress  factors 
and  stress  time-to-fail ,  charge  trapping  and  charge  trap 
generation  was  investigated. 

2.1.3  Stress  Factors 

The  stress  factors  that  were  evaluated  included: 
temperature,  constant  current  stress,  stress  time  and 
radiation  dose.  The  relationship  of  these  stress  factors  to 
oxide  time-to-fail,  charge  trapping  and  charge  trap 
generation  was  investigated. 
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2.1.4  Evaluation  of  the  Data 


The  automated  electrical  stress  and  characterization 
system  was  used  to  study  the  largest  number  of  experimental 
test  vehicles  in  the  shortest  time- 

The  Hadamard  matrix  evaluation  technique  (7)  was  used 
to  analyze  the  data  and  evaluate  mathematical  relationships 
between  the  input  variables  and  the  several  output 
variables . 

In  one-at-a-time  experiments,  only  one  factor  in  each 
run  is  changed,  while  the  other  factors  are  held  constant. 
In  an  experiment  with  five  factors,  this  would  require  335 
runs  to  determine  the  relationships  between  those  factors. 
Obviously,  this  may  lead  to  incomplete  coverage  of  the 
experimental  space,  missing  relationships  between  factors, 
and  the  possibility  of  erroneous  assumptions. 

In  factorial  experiments,  the  use  of  factorial 
arrangements  for  the  factors  in  an  experiment  make  each  run 
yield  information  concerning  every  factor.  The  Hadamard 
matrix  makes  use  of  one  such  design  involving  factorial 
experiments . 

Our  experimental  matrix  is  a  Hadamard  arrangement  which 
is  designed  as  a  two-level,  half-factorial  matrix  (i.e.  2E5 
=  32  runs  for  five  factors),  we  have  elected  to  use  a 
hal f-factor ial  matrix  which  involves  16  runs  plus  one  center 
point  run  for  a  total  of  17  runs.  In  this  way,  our 
responses  no  longer  contain  information  about  a  single  main 
or  interaction  effect.  However,  they  contain  response 
information  from  two  or  more  effects.  This  is  known  as 
confounding.  These  special  cases  of  factorial  matrix  design 
will  be  discussed  more  extensively  in  the  specific  section 
concerning  our  experimental  matrix  design  and  analysis. 

Micrographs  documenting  defects  observed  were  made  in 
the  signal  current  mode,  secondary  electron  mode  and  TEM 
micrographs  were  made  on  the  replicas  of  the  areas  on  the 
test  vehicles  to  be  evaluated  and  8X10  TEM  prints  were 
produced  for  evaluation  of  this  physical  defect  data. 

An  effort  was  made  to  relate  physical  data  to 
electrically  observed  effects  and  it  was  found  that  there 
was  some  relationship  between  the  physical  observed  data  and 
electrical  data. 


2.2  THE  HADAMARD  MATRIX 


The  Hadamard  matrix  was  used  to  obtain  the  most 
information  with  few  experimental  splits.  The  Hadamard 
matrix  technique  will  be  discussed  in  more  detail  in  the 
Statistical  Data  Analysis  and  Discussions  section.  The 
experimental  matrix  consisted  of  17  cells  of  two 
semiconductor  wafers  each  having  600  test  dice  for  a  total 
of  1200  test  dice  per  experimental  cell  (see  Table  1.1  ). 

The  following  were  experimental  matrix  input  variables; 
cell,  wafer,  oxide  thickness,  stress  temperature,  stress 
current,  stress  time  and  radiation  exposure  dose. 

The  following  were  the  main  electrical  output; 
time-to-fail  data,  charge  trapping  data,  I-V  data  and  C-V 
data;  these,  as  well  as,  the  physical  data  were  evaluated  in 
the  Electrical  Measurements  and  Stress  Results  section,  the 
Physical  Analysis  section  and  Statistical  Data  Analysis  and 
Discussions  section  of  this  report. 

The  output  variables  for  the  physical  data  included; 
TEM  replica  trends  observed  on  the  micrographs  and  SEM 
signal  current  trends  observed  on  the  micrographs.  These 
data  will  be  covered  in  the  Physical  Analysis  section  of 
this  report. 

2.3  STRESS  FACTORS 

The  effects  of  each  of  the  stress  factors  have  been 
evaluated  using  the  Hadamard  matrix  technique  and  this  is 
covered  in  detail  in  the  Statistical  Data  Analysis  and 
Discussions  section  of  this  report. 

2.3.1  Electrical  Stress  --  Time  Dependence 

Three  stress  times  were  used  in  the  experiment,  1  sec., 
10  sec .  ,  and  60  sec . 

2.3.2  Radiation 

The  wafers  to  be  exposed  to  radiation  were  exposed 
according  to  the  schedule  of  the  experimental  matrix  and 
were  electrically  stressed  and  cha racte r i zed  within  one  week 
of  the  exposure.  After  the  electrical  stress  and 
characterization,  physical  analysis  was  conducted  on  the 
wa  f e  r  s  . 
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Radiation-induced  defects  in  MOS  oxides  have  been  the 
object  of  several  studies  and  hydrogen  atoms  have  been 
considered  to  have  a  a  role  to  play  in  the  generation  of 
these  defects;  however,  their  role  in  the  process  or  other 
areas  of  the  process  are  not  yet  clear.  SIMS  and  FT-IR 
measurements  have  indicated  results  consistent  with  a  model 
where  free  hydrogen  atoms  generated  by  the  irradiation  move 
toward  the  interface  and  attack  a  Si-Si  bond  forming  a  SiH 
bond  and  an  Si  dangling  bond  or  a  Si-O-Si  bond  forming  an 
SiOH  and  a  hole  trap.  It  has  been  determined  by  SIMS  and 
FT-IR  that  under  irradiation,  hydrogen  atoms  do  move  toward 
the  interface  and  that  SiH  and  SiOH  bonds  increase  at  the 
interface  giving  credence  to  this  model;  therefore,  it  may 
be  necessary  to  limit  the  exposure  of  ultra-thin  oxides  to 
hydrogen  in  the  fabrication  process  [8] 

The  radiation  exposure  was  performed  at  Texas  A  and  M 
University,  Nuclear  Science  Center,  College  Station,  Texas. 
The  radiation  source  at  Texas  A  and  M  is  calibrated  using  a 
traceable  Mdh  electronic  ion  chamber.  The  following 
conversions  were  used  to  determine  the  prope r  irradiation 
times  necessary  for  this  work:  from  the  Radiological  Health 
Handbook  the  conversions  were  found 

1  RAD  =  100  erg/g  (1.1) 

1  R  =  86.9  erg/g  air  (1.2) 


Readings  at  the  surface  of  the  source  where  the  samples 
were  placed  were  calibrated  to  be  1454  R/min.;  therefore, 
for  500  KRAD  irradiation,  the  time  was  found  by  first 
converting  rads  to  roentgen  575  KR  and  then  dividing  by  1454 
R/min.  The  time  for  irradiation  of  the  500  KRAD  sample 
wafers  was  found  to  be  6  hours,  35  minutes  (for  example). 

An  assumption  that  had  to  be  made  here  was  that  the 
silicon  wafer  has  the  same  dose  factor  as  for  air;  from  this 
the  conversion  factor  from  rad  to  roentgen  is  made  [9]: 

IR  iRad  =  100,86.9  =  1.13  R  'rad  (1.3) 


Cells  were  exposed  to  one  of  three  doses  of  Co  60 
radiation,  0  KARD’  50  KRAD,  100  KRAD  and  500  KRAD.  Co  60 
produces  gamma  radiation  and  the  energies  of  the  modes  of 
decay  for  Co60  are  the  following:  Beta  --  0.315  MeV 

<99.7-',  0.67  f!e V  (0.2"'  and  1.49  n.e'^  ^0.11'  with  a  decay  Q 


value  of  2.82  MeV;  gamma  —  1.33  MeV  (100%),  1.17  MeV 
(99.9%)  and  2,200  m/sec  neutron  absorption  cross  section 
( barns )  =  2.0  [ 10  ]  . 

2.3.3  Elevated  Temperature 

Cells  were  temperature  stressed  at  one  of  three 
temperatures  30  degrees  Celsius,  70  degrees  Celsius  and  125 
degrees  Celsius 

2.3.4  Electrical  Stress  —  Currents 

Three  stress  currents  were  used  in  this  experiment: 
-2.0E-04  amp,  -5.0E-04  amp  and  -3.5E-04  amp.  These  currents 
were  selected  after  indications  of  data  taken  before  the 
start  of  the  experimental  matrix  electrical  stress  (  the 
area  of  each  test  capacitor  was  6.35E-4  cm**2). 

2.4  ELECTRICAL  CHARACTERIZATION 

Fully  automated  stressing,  electrical  measurement  and 
data  analysis  techniques  were  used  in  this  work. 
Measurements  of  current-voltage  (I-V)  and 
capaci tance-vol tage  (C-v)  characteristics  of  each  test  die 
was  made  and  recorded  using  our  computerized  system. 

The  electrical  analysis  included  continuous  monitoring 
of  and  recording  of  voltage  as  a  function  of  time  during 
constant  tunneling  current  stress. 

2.4.1  The  Electrical  Stress  and  Characterization  Technique 

The  technique  used  in  this  study  was  constant  current 
stress  for  the  three  different  current  splits  and  three 
different  time  splits  as  detailed  above.  The  experimental 
stress  was  completed  using  an  automatic  stressing  system. 

2.4.2  Prober  Hardware 

A  PDP-11  73  computer  is  interfaced  with  a  Keithley 
S-350  test  system  through  a  DMA  interface.  The  Keithley  is 
used  for  the  constant  current  stress  and  to  connect  the 
measurement  cables  of  two  Hewlett  Packard  Instruments  to  the 
device  under  test.  The  H.P.  4192A  and  H.P.  4104B  are 
controlled  by  a  General  Purpose  Interface  Bus  which  is 
connected  to  the  PDP-11/73.  The  PDP-11/73  provides  control 
of  the  capacitance  data  taken  on  the  H.P.  4192A  and 
controls  the  I-V  measurements  taken  on  the  H.P.  4140B.  The 
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2001X  Auto  Prober  is  used  to  step  the  wafer  during  testing. 
The  manual  hot  chuck  keeps  the  temperature  at  the  proper 
setting  (30,  70  or  125  deg.  C).  All  data  collected  is 

transmitted  across  the  Ethernet  to  a  MicroVAX  3600  for  data 
analysis.  The  outputs  are  printed  on  a  LN03  Plus  Laser 
Printer . 

2.4.3  Prober  and  Test  Software:  the  following  is  a  list  of 
software  used  in  this  work  —  Main  Program:  OXIDES  -  Calls 
all  supporting  subroutines;  Subroutines:  INITl 

Initializes  all  general  auto  prober  parameters,  INITOA  - 
Initializes  all  device  specific  parameters,  CVZERO  -  Loads 
opens  and  shorts  registers  in  HP  4192A,  OXSET  -  Allows 
default  set  points  of  all  stress  and  measurement  parameters 
to  be  changed,  STRTO  -  Allows  input  of  wafer  information, 
LOKATE  -  Returns  wafer  position,  SHORTS  -  Checks  for  shorted 
capacitors,  CVLOW  -  Controls  the  HP  4140B  for  I-V 

measurements,  CVHIGH  -  Controls  the  HP  4192A  for  C-V 

measurements  and  STRESS  -  Controls  the  Keithley  S-350  for 
current  stress  measurements. 

2.5  PHYSICAL  CHARACTERIZATION 

The  physical  analysis  was  not  automated  and  was  very 
labor  intensive.  Two  physical  characterization  techniques 
were  used  in  this  work.  TEH  C-Pt/Pd  two-stage  replicas  of 
the  oxide  surfaces  and  substrate  surfaces  to  be  evaluated 
were  produced,  examined  and  photographed  in  the  TEH  and  the 
SEN  unbiased  and  negative  biased  signal  current  technique 
with  an  scanning  Auger  microprobe  providing  the  signal 
current  was  used  to  image  areas  with  possible  oxide  defects. 
Secondary  electron  images  were  also  used.  It  was  determined 
that  bias  on  the  test  capacitor  was  needed  in  order  to  image 
defect  and  latent  defect  areas;  therefore  the  signal  current 
technique  with  bias  (EBIC)  was  used  in  this  study. 

It  was  thought  that  the  use  of  the  TEH  replica 
technique  would  provide  needed  resolution  to  image  surface 
defects  in  the  ultra-thin  oxides  and  would  have  the 
advantage  over  SEN  techniques  not  only  in  providing  more 
resolution,  but  also  in  the  fact  that  the  replicas  would 
provide  a  charge  free  surface;  whereas  one  might  run  into 
charging  problems  in  the  close  examination  of  the  ultra-thin 
oxide  surfaces  in  the  SEN  mode. 

2.5.1  TEH  Replicas 
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The  TEM  replica  technique  used  in  this  study  is  an  old 
technique  having  been  used  for  over  30  years;  however,  it 
provides  enough  resolution  for  a  study  of  this  type.  The 
replica  sample  preparation  technique  will  be  covered  in 
detail  in  the  physical  analysis  section  of  this  report. 

Replicas  of  the  oxide  surfaces  and  substrate  surfaces 
that  were  under  study  were  made,  optical  maps  were  made  for 
each  replica  sample  and  the  replicas  were  examined  and 
photographed  in  the  Philips  Eri420T  in  the  TEM  mode  using  an 
accelerating  voltage  of  120  KV. 

Stressed  versus  unstressed  oxides  were  adjacently 
located  and  were  analyzed  using  the  TEM  replica  technique. 

The  oxide  surface  at  the  oxide /polysi 1 icon  interface 
was  replicated  and  TEt!  examinations  of  this  surface  was 
conducted  on  five  test  vehicles  from  each  cell.  Earlier 
work  at  UTC-Hostek  had  seen  a  correlation  between  physical 
defects  observed  using  the  TEM  replica  technique  in 
ultra-thin  oxides  and  materials  defects  in  the  Si  substrate 
of  test  vehicles  of  the  same  type  used  in  this  study; 
however,  the  voltage  ramp  method  of  electrical  stress  was 
used  in  tiiat  ’.•■ork  (  11  ]  . 

The  silicon  surface  at  the  silicon/oxide  interface  was 
replicated  and  TEM  examinations  of  this  surface  were 
conducted  on  two  test  vehicles  per  cell. 

The  instrument  used  for  the  TEfl  replica  study  of  the 
oxide  and  Si  substrate  surfaces  is  a  Philips  En420T 
analytical  electron  microscope.  The  instrument  provides 
about  2  Angstrom  resolution  in  the  TEM  mode,  about  15 
Angstrom  resolution  in  the  STEM  mode  and  about  25  Angstrom 
resolution  in  the  high  resolution  SEM  mode. 

An  accelerating  voltage  of  120  KV  was  used  for  the 
reclrca  ■•'ork  on  this  instrument. 

2  .  .  2  2  E  ’  ’  .3  i  c:  ^  0  1  C  ’  J  v  _  ?  ^ 

In  SET!  signal  current  work,  the  electron-beam-induced 
ourrenr  rs  inte'''sitv  modulated  on  t!ie  ’.’iewina  screen  to  show 
the  location  c'  f  local  areas  i  n  t  li  e  o  x  i  d  e  d  r  a  w  i  n  a  h  i  a  h 
current.  Signal  current  is  one  of  several  techniques  which 
can  be  used  to  localize  defects  in  MOS  capacitor  oxide 
struct  u  r  s  . 
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Three  test  vehicles  from  each  cell  were  physically 
analyzed  using  SEM  techniques  including  sample  current  and 
secondary  imaging  and  detected  defects  in  the  oxide  were 
documented;  as  well  as,  the  minimum  bias  required  to  show 
the  defects  was  documented. 

Stressed  versus  unstressed  test  vehicles  were 
adjacently  located  and  were  analyzed  using  this  SEM  signal 
current  and  secondary  electron  imaging  technique. 

The  minimum  negative  bias  voltage  required  to  cause  an 
image  of  the  oxide  defect  area  in  the  test  vehicles  was  also 
recorded . 

This  technique  makes  use  of  a  rastered  and  focused 
electron  beam  striking  the  surface  of  the  sample  while  the 
substrate  current  induced  by  the  beam  is  monitored.  The 
substrate  current  is  used  to  intensity  modulate  the  SEM  CRT 
so  that  local  defect  sites  can  be  recorded. 

In  this  case,  an  external  negative  bias  was  used  to 
enhance  the  intensity  of  the  defect  area  image.  It  was 
observed  that  tlie  minimum  negative  bias  required  to  cause  a 
signal  current  image  to  be  detected  was  changed  with 
different  samples. 

A  scanning  Auger  microprobe  was  used  to  provide  the 
electron  beam  and  viewing  circuits  for  the  signal  current 
v;o  r  k  . 

This  system  v/as  used  only  because  of  the  availability 
of  the  sample  current  preamplifier  attached  to  the 
instrument.  The  samples  v/ere  mounted  on  a  miniature  probe 
station  and  then  attached  to  a  modified  sample  mounting  stub 
and  a  simple  vnitage  divider  circuit  was  used  to  apply 
negative  bins  to  the  structures  (see  Figure  5.1  for 
illustration  of  the  techniaue). 


3.0  SAMPLE  PREPARATION  AND  TEST  SET-UP 

3.1  Introduction 

The  MOS  capacitors  used  in  this  investigation  were  all 
fabricated  on  (100)  oriented  p-type  silicon  wafers.  The 
starting  resistivity  was  7-9  ohm-cm,  the  wafer  thickness  was 
25  +-  2  mils,  and  the  wafer  diameter  was  approximately  100 

millimeters.  The  silicon  substrate  forms  the  bottom 
capacitor  plate  with  edges  defined  by  an  isolation  oxide. 
The  dielectrics  under  investigation  are  grown  in  the  areas 
between  the  isolation  oxide.  The  top  capacitor  plate  is 
formed  from  deposited  polysilicon  capped  with  Al .  The  top 
capacitor  plate  is  patterned  and  etched  in  such  a  manner 
that  the  plate  edges  are  over  the  thick  isolation  oxide  to 
avoid  localized  high  electric  fields  at  the  edges  of  the 
polysilicon.  This  means  that  only  the  silicon 
substrate 'oxide/polysicicon  capacitor  structure  is  under 
study  and  the  investigation  is  generally  free  from  any 
influence  of  a  mechanical  edge  structure.  Although  this  is 
the  best  structure  to  study  only  the  dielectric,  about  15% 
of  the  defect  locations  (using  EBIC  analysis)  are  on  the 
isolation  to  capacitor  oxide  edge.  This  means  that  some 
mixed  failure  modes  are  present  in  the  data.  The  top  plate 
material  is  patterned  into  lines  which  lead  to  probe  pads 
also  located  over  the  thick  isolation  oxide  so  that  during 
testing  no  pressure  from  the  probe  pins  is  transf e r’'ec-  to  the 
thin  dielectrics  under  investigation.  The  capacitor  size 
used  in  tliis  investigation  were  6.35E-4  centimeters  squared. 
FIGURE  3.1  is  an  illustration  of  the  test  structure. 

3.2  Wafer  Fabrication 

The  process  flow  outlined  in  TABLE  3.1  below  and  the 
process  traveler  contained  in  addendum  A  were  used  to 
prepare  the  wafer  samples.  The  process  basically  involves 
the  use  of  a  standard  type  LOCOS  active  area  isolation  with 
a  field  isolation  implant,  a  sacrifical  oxide  before  the 
capacitor  oxirde,  the  capacitor  oxide  grown  to  various 
thicknesses,  and  a  top  capacitor  plate  of  n-type  doped 
polysilicon  caped  with  Al .  The  Al  cap  over  the  polysilicon 
plate  is  used  to  promote  charge  dispersion  through  out  the 
plate.  The  Al  is  doped  with  "  0.5%  Cu  and  1.0%  Si.  The 
capacitor  oxides  were  grovm  in  a  Bruce  induction  heated 
horizontal  furnace  fitted  with  a  standard  type  gas  jungle. 
The  ambient  for  growing  the  capacitor  oxides  was  a  mixture 
'•'f  arg^n,  oxygen,  with  1 , 1 , 1-tr  ichloroethane  (  TCA  )  added 
during  the  main  oxidation  portion  of  the  qrowth  cycle. 


^1-  UJOJCOLU  UJOJ^J^J^-)^ J  ^J  ^J  ^J  ^J^J^Ol- 


WAFER  PROCESS  FLOW  TOA  rev.  A  (Thin  Oxide  Analysis) 


LASER  SCRIBE 

SCRIBE  LOT  NO.,  REV.  NO.  AND  WAFER 
DIFFUSION  PIRANHA  (H2S04/H202) 

10/1  (H20/49%  HF)  20  SEC 
INITIAL  NITRIC  ACID  CLEAN 
INITIAL  OXIDE 
THICKNESS  SPEC  600-700  A 
NITRIDE  DEPOSITION 
THICKNESS  SPEC  900-1000  A 
LP  III  BAKE 

SPIN  BAKE  6K  RPM  1400-27  RESIST 
ALIGN  LEVEL  1 
BATCH  DEVELOP  45  SEC 
PLASMA  SILICON  NITRIDE  ETCH 
IMPLANT  8.00X10+13  30  KV  BORON 
ACETONE  STRIP 

INJECTION  PIRANHA  ( H2S04/H202 ) 

10/1  (H20/49%  HF)  5  SEC 
PRE  GATE  NITRIC  ACID  CLEAN 
FIELD  OXIDATION 
THICKNESS  SPEC  5. 0-6.0  KA 
10/1  (H20/49%  HF)  1  MIN 
WET  SILICON  NITRIDE  ETCH  45  MIN 
10/1  (H20/49%  HF)  2  MIN  30  SEC 
PRE  GATE  NITRIC  ACID  CLEAN 
STRIP  GATE  OXIDE 
THICKNESS  SPEC  600-700  A 
CAPACITOR  OXIDATION 
THICKNESS  VARIABLE 
FIRST  POLY  DEPOSITION 
THICKNESS  SPEC  4. 5-5. 5  KA 
PHOS  DEPOSITION  900C 
RS  SPEC  30-40  OHM/SQ 
10/1  (H20/49%  HF)  20  SEC 
LP  III  BAKE 

SPIN  BAKE  5K  RPM  AZTOPLATE  RESIST 
BAKE  155C  30  MIN 
WET  POLY  TILL  BACKS  CLEAR 
WET  OXIDE  ETCH  LOT 
7/1  (NH4/HF)  38C  TILL  BACKS  CLEAR  - 
ACETONE  STRIP 

INJECTION  PIRANHA  (H2S04/H202) 

PRE  EVAP  PIRANHA  (H2S04/H202) 
METALLIZATION 
THICKNESS  SPEC  5 . 5-6 . 5  KA 
LP  III  BAKE 

SPIN  BAKE  4K  RPM  1318  SFD  RESIST 
ALIGN  LEVEL  2 
POST  EXPOSURE  BAKE 
BATCH  DEVELOP  100  SEC 
PLASMA  DESCUM 
BAKE  125c  30  MIM 
WET  METAL  ETCH  LOT 
ETCH  TILL  CLEAR  +  20  SEC 
PLASMA  POLY  ETCH  LOT 
ACETONE  STRIP 
PLASMA  RESIST  STRIP 
BACKSIDE  METALLIZATION 
THICKNESS  SPET  5. 5-6. 5  KA 


U'AFr.K  PROCKSS  FI.Ol\ 
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I'lCDUi:  1.1.  TKST  STIUICTUKK 


The  same  ambients  were  used  to  grow  all  of  the  oxide 
thickness  ranges.  The  polysilicon  was  doped  n-type  at  900 
degrees  C  using  a  POC13  source.  The  POC13  carrier  gas  was 
M2  and  the  source  temperature  was  24.0  +/-1.0  degrees  C. 
The  polysilicon  doping  step  was  the  only  high  temperature 
step  that  the  oxides  under  study  saw  after  growth.  The 
Al/polys i 1 i con  sandwich  was  patterned  using  typical 
photoresist  techniques  and  etch  in  phosphoric  acid  metal 
etch  followed  by  a  polysilicon  plasma  etch.  After  resist 
removal  Al  was  sputtered  onto  the  back  of  the  Si  substrates 
to  reduce  the  chuck  to  wafer  resistance. 

3.2.1  Capacitor  Growth  Cycle 

The  capacitor  growth  cycle  shown  in  FIGURE  3.2, 
illustrates  graphically  the  changes  in  temperature  and 
ambient  with  time.  The  argon  to  oxygen  volume  ratio  was 
modified  to  attain  the  oxide  thickness  spread  defined  by  the 
experiment  and  yet  maintain  as  many  growth  conditions  as 
possible  constant.  The  time  of  the  central  portion  of  the 
oxidation  cycle  was  also  adjusted  to  aid  in  reaching  the 
target  thicknesses  once  the  range  had  been  reached  with  gas 
ratio  modifications.  The  chlorine  to  oxygen  ratio  was  held 
at  3.0  +  -  0.21;  by  volume  for  all  of  the  oxide  thickness 
ranges  grown.  The  chlorine  source  used  was 
1 , 1 , 1-tr ichloroethane  at  23.0  +/-1 . 0  degrees  C  with  oxygen 
as  the  carrier  gas.  The  ratios  of  argon  to  oxygen  used  to 
adjust  the  partial  pressure  to  provide  different  oxide 
ranges  using  aporoximately  the  same  oxidation  rate  are  shown 
in  TABLE  3.2. 


OX  i  d 

e  thickness 
range 

argon  : 

oxygen 

200 

angstrom 

2  : 

1 

100 

angst  r om 

3  : 

1 

"  n 

angstrom 

1 

TABLE  3,2  EXPERIMENTAL  THICKNESS  RANGES 
ARGON  :  OXYGEN  RATIOS 
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CAPACITOR  CROW 


3.3  ELECTRICAL  TEST  SET-UP 


FIGURE  3.3  is  a  diagram  of  the  test  system  and  TABLE 
3.3  is  a  summary  of  the  electrical  test  parameters  that  were 
used  to  test  the  wafers. 

The  Keithley  S  350  Parameteric  Tester  is  the  base 
system  selected  for  forcing  current  and  measuring  voltage. 
This  system  includes:  The  PDPll/73  computer,  the  Keithley 
instruments  and  the  2001X  Auto  Prober. 

The  digital  PDPll/73  computer  has  4  mega-bytes  of 
memory,  the  RAM  Disc  uses  2.0  mega-bytes  of  the  memory, 
Fujitsu  2351  Eagle  Disc  drive  (474  mega-bytes  unformatted), 
a  G.P.I.B.  (General  Purpose  Interface  Bus)  board,  DMA 
(Direct  Memory  Access)  board  and  an  Ethernet  (a  network 
interface)  board.  The  operating  system  used  was  RSX  11m 
Ver.  4.1  and  all  test  routines  were  written  in  Fortran  77 
Ver.  5.0. 


The  Keithley  has  Current/Voltage  sources,  a  Voltage 
meter,  a  Current  meter  and  Relay  matrices.  The  Relay 
matrices  are  used  to  connect  the  Current  source  to  the 
proper  D.U.T.  pin  on  the  2001X  Auto  Prober  via  a  coaxial 
cable  and  probe  card. 

The  2001X  Auto  Prober  is  a  cassette  to  cassette 
automated  wafer  handler.  The  TC  2000  Thermal  Chuck  was 
added  to  the  2001X  Auto  Prober  to  control  the  temperature  of 
the  wafer  during  test. 

The  Hewlett  Packard  4192A  was  added  to  the  system  to 
provide  Capacitance  curves.  The  measurement  cables  are 
connected  to  the  D.U.T.  via  the  Keithley  Relay  matrices. 
The  PDPll/73  is  used  to  control  the  H.P.  4192A  via  the 
G.P.I.B.  board  ( IEEE ) . 

The  Hev/lett  Packard  4140B  was  added  to  the  system  to 
provide  Fowler-Nordheim  curves.  The  measurement  cables  are 
connected  to  the  D.U.T.  via  the  Keithley  Relay  matrices. 
The  PDPll/73  is  used  to  control  the  H.P.  4140B  via  the 
G.P.I.B.  board  ( IEEE)  . 


Due  to 
a  digital 
Printer  was 
reduction  . 


the  amount  of 
MicroVAX  3600 
choosen  for 
Th^’  operating 


raw  data  generated  for  each 
system  with  a  LM03  Plus 
data  analysis,  manipulation 
system  used  was  VMS  Ver.  4.7 


wafer 
Lase  r 
and 
and 


TABLE  3.3  SUMMARY  OF  THE  ELECTRICAL  TEST  SET-UP 


TEST  # 


PURPOSE 


ELECTRICAL  TEST 


Check  for  initial 
pinholes  in  th j 
oxide . 


Measure  continuity  between  gate 
and  substrate.  Leakage  current 
must  be  less  than  lOOnA  at  -5. 
volts  to  pass  test.  (-5.  is  2.5 
Nv/cm  for  a  200  Angs.  oxide) 


Obtain  tunneling 
current  curve  to 
breakdown  on  the 
two  center  die. 


Using  H.P.  4140B  measure  current 
while  ramping  voltage  from  O.OV 
to  -35.0  volts.  0.5  volt  per  sec 
true  ramp,  measuring  current  at 
0.5  volt  increments. 


3.  Perform  a  pre-  Using  the  H.P.  4192A  and  using  the 

stress  following  criteria: 


capacitance 

Tox 

Start  Voltage 

Stop 

curve  measurement 

200A 

-10.0 

+  3.0 

on  all  die  except 

lOOA 

-  6.0 

+  5.0 

two  center  die. 

50A 

-  4.0 

+  4.0 

****1.0Mh2  frequency 
****0.1  volt  oscilator  level 
Measure  capacitance  every  step 
interval  where 

stop-start 

step  «  - 

100 
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all  output  software  was  written  in  RPL  Command  Language, 
RS/1  Ver.  3.0. 

3.4  Electrical  Test  Software 

Refer  to  TABLE  3.4  for  a  summary  of  the  Testing 
software . 

The  purpose  of  the  testing  software  was  to  have  a  Menu 
driven  program  that  would  allow  you  to  make  easy  changes  to 
the  input  parameters. 

The  main  program  name  is  "OXIDES",  the  purpose  of  the 
main  program  is  to  coordinate  the  calling  of  all  of  the 
subroutines.  Each  subroutine  performs  a  portion  of  the 
overall  wafer  testing  task-  The  main  program  flow  and  the 
flow  of  all  of  the  test  subroutines  are  explained  in  detail 
in  the  following  paragraphs.  "OXIDES"  The  main  program 
f  low : 

1)  Declare  all  input  and  output  variables. 

2)  Initialize  all  input  variables  to  the  default  settings. 

3)  Call  "INITI"  and  "INITOA"  to  setup  all  the  parameters 
in  the  2001X  Auto  Prober  and  to  attach  the  communication 
line  of  the  2001X  Auto  Prober  to  LUM  (Logical  Unit  Number) 
file  number.  This  allows  the  PDPll/73  computer  to 
communicate  with  the  2001X  Auto  Prober  without  any 
interruption. 

4)  Call  "CVZERO"  to  remove  any  stray  capacitance  between 
the  H.P,  4192a  and  the  D.U.T.  This  is  accomplished  by  taking 
several  readings  v/ith  the  probe  pin  about  10  mils.  From  the 
wafer  chuck.  Then  taking  several  readings  with  the  probe 
pin  touching  the  wafer  chuck.  The  location  of  the  chuck  (X 
and  Y  coordinates)  and  the  open  and  short  positions  of  the 
motor  that  raises  or  lowers  the  wafer  chuck  are  saved  in  the 
program .  Eve cy  25  die  the  program  will  stop  testing  and 
return  the  chuck  to  this  same  position  to  rezero  the  H.P. 
4192A ,  then  resume  testing . 

5)  Display  the  default  settings  of  all  of  the  input 
parameters.  If  there  are  any  changes  to  be  made,  then  call 
"OXSET" .  This  subroutine  allows  you  to  change  the  input 
parameters  and  then  re-displays  the  input  parameters. 

6)  Call  "STRTO"  to  request  wafer  information,  auto  align 
the  -wafer  and  prepare  for  testing  to  begin. 

7)  Setup  a  generic  output  file  name  to  be  used  in  the 
subroutines  "STRESS",  "CVHIGH",  "CVLOW"  and  ."SHORT" . 

8)  Search  the  disk  for  old  data  files  for  the  same  wafer 
numbe r  as  the  wafer  numbe r  being  tested.  If  any  old  data 
files  are  found  they  are  opened  and  read  in  to  input  the  die 
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Main  Program;  OXIDES  -  Calls  all  supporting  subroutines. 


Subroutines: 


TABLE 


INITl  -  Initializes  all  general  Auto  Prober 
parameters. 

INITQA  -  Initializes  all  device  specific 
parameters. 

CV2ER0  -  Loads  Opens  emd  Shorts  registers 
in  the  H.P.  4192A. 

OXSET  -  Allows  default  set  points  of  all 
stress  and  measurement  parameters 
to  be  changed. 

STRTO  -  Allows  input  of  wafer  information. 

LOKATE  -  Returns  wafer  position. 

SHORTS  -  Checks  for  shorted  capacitors. 

CVLOJ  -  Controls  the  H.P.  4140B  for  I.V. 
measurements. 

CVHIGH  -  Controls  the  H.P.  4192A  for  C.V. 
measurements. 

STRESS  -  Controls  the  Keithley  S  350  for 
Current  Stress  measurements. 


3.4  TABLE  OF  ELECTRICAL  TEST  ROUTINES 
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number  to  restart  testing.  The  wafer  is  stepped  to  the  last 
die  tested  and  testing  resumes.  (the  output  software  does 
not  use  any  duplicate  data,  only  the  first  file  is  used.) 

9)  The  testing  loop  is  entered  at  this  time  and  the 
program  will  loop  until  all  of  the  die  on  the  wafer  have 
been  tested. 

10)  Call  "LOKATE".  to  find  the  wafer  chuck  position. 

11)  Check  to  see  if  25  die  have  been  tested  since  the  last 
time  the  H.P.  4192A  has  been  zeroed.  If  so,  call  "CVZERO"  to 
rezero  the  H.P.  419 2A. 

12)  Enter  a  nested  testing  loop  to  test  the  four  capacitors 
oneachdie. 

13)  Call  "SHORT"  to  check  for  shorted  capacitors,  if 
shorted  jump  to  Step  18. 

14)  Check  die  number,  if  equal  to  79  or  80  then  call 
"CVLOW".  After  taking  the  I.V.  curve  move  to  the  next 
capacitor  to  be  tested  and  jump  to  Step  18  or  to  Step  10  if 
the  last  capacitor  on  this  die  has  been  tested. 

15)  Call  "CVHIGH"  to  take  a  pre-stress  capacitance  curve. 

16)  Call  "STRESS"  to  stress  capacitor. 

17)  Call  "CVHIGH"  to  take  a  post-stress  capacitance  curve. 

18)  Move  to  the  next  capacitor  to  be  tested. 

19)  Loop  to  Step  13  if  there  are  more  capacitors  to  be 
tested  on  this  die. 

20)  Move  to  next  die  to  be  tested. 

21)  Loop  to  Step  10  if  there  are  any  more  dies  to  be  tested. 

22)  Unload  the  tested  v;afer  from  the  wafer  chuck. 

23)  End  of  testinq  proqram. 

"CVHIGH"  Subroutine  flow:' 

1)  Declare  all  input  and  output  variables. 

2)  Encode  all  voltages  and  frequency  into  internal  form  for 
the  capacitance  curve  to  be  taken  on  the  H.P.  4192A. 

3'  Connect  the  H.P.  4192A  to  the  D.U.T. 

4)  Move  the  probe  pin  to  the  zero  pad  on  the  die. 

5)  Load  the  opens  and  shorts  data  gathered  when  the  H.P. 
4192.4  was  zeroed. 

6)  Load  all  parameters  previously  encoded  into  internal 
form  to  the  H.P.  4i92A. 

1)  Measure  capacitance  of  the  zero  pad  on  the  die. 

8)  Move  back  to  the  caoacitor  to  be  measured. 

?i  Enter  the  measurement  loop  to  take  the  capacitance 
c  u  r '/  e  . 

10)  Take  the  capacitance  measurement. 

11'  Store  t  h. e  r  e a d  i  n q  and  loop  to  step  10  until  the 
capacitance  curve  is  complete. 

12)  Calculate  the  oxide  thickness. 
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13)  Write  the  output  file. 

14)  Return  to  the  main  program 
"CVLOW"  Subroutine  flow: 

1)  Declare  all  input  and  output  variables. 

2)  Connect  the  H.P.  4140B  to  the  D.U.T. 

3)  Encode  all  voltages  into  internal  form  for  the  I.V. 
curve  to  be  taken  on  the  H.P.  4140b. 

4)  Load  all  parameters  previously  encoded  into  internal 
form  to  the  H.P.  4i40B. 

5^  Enter  the  measurement  loop  to  take  the  I.V.  curve. 


6)  Take  the  I.V.  measurements. 

7)  Write  the  output  file. 

8)  Return  to  the  main  program 
"SHORT"  Subroutine  flow; 

1)  Declare  all  input  and  output  variables. 

2)  Connect  Keithley  voltage  source  and  current  meter  to 
the  D.U.T. 

3)  Force  2.5  Heqavolt  per  centimeter  and  measure  the 
current . 

4)  If  absolute  current  is  less  than  100  nanoAmps,  then  set 
pass  flag  true  and  return  to  the  main  program. 

5)  Write  blank  files  for  the  stress  file  and  for  the  two 
C.V.  curves  for  this  capacitor. 

6)  Return  to  main  program 
"STRESS"  Subroutine  flow: 

1)  Declare  all  input  and  output  variables. 

2)  Connect  the  Keithley  current  source  and  voltage  meter 
to  the  D.U.T. 

3)  Reset  the  clock  to  zero. 

- '  Force  the  stress  current  on  the  capacitor. 

5'  Enter  the  measurement  loop. 

6)  rieasure  the  voltage  and  the  time  that  has  elapsed. 

7)  Write  the  data  to  the  RAM  disc  and  loop  to  Step  6  until 
the  stress  length  time  is  reached. 

8)  Write  the  data  collected  from  the  RAM  disc  to  the  hard 
disc  output  file. 

9'  Return  to  main  proqram. 


4.0  ELECTRICAL  MEASUREMENT  AND  STRESS  RESULTS 


4.1.1  Electrical  Data  Measurement  Introduction 

From  the  test  routines  in  TABLE  3.4  in  section  3.4, 
data  was  taken  from  each  tested  capacitor.  Data  for  each 
capacitor  consisted  of  pre-stress  data  testing,  oxide 
stress,  and  post-stress  data  testing.  Originally  the  pre¬ 
stress  data  testing  included  a  pinhole  test,  an  I-V,  and  a 
CV.  It  was  found  that  the  I-V  needed  to  be  in  the 
measureable  tunneling  current  range  to  be  of  any  validity 
and  that  these  current  levels  amounted  to  a  stress  on  the 
oxide  whose  stress  amount  could  not  be  quantified  and  there¬ 
fore  yielded  results  out  of  context.  For  this  reason  the 
initial  and  post-stress  I-V  test  was  dropped.  After  the  pre¬ 
stress  testing,  each  capacitor  received  a  constant  negative 
current  stress  for  a  prescribed  time.  The  current  densities 
and  stress  times  were  determined  under  the  conditions  of  the 
contract  to  acquire  the  necessary  data  from  the  number  of 
parameters  being  examined.  The  cells  which  required 

radiation  exposure  were  treated  before  the  electrical 

testing  began.  Radiation  levels  were  determined  for  levels 
discussed  in  the  literature  which  gave  changes  great  enough 
to  detect  (David  Fisch).  During  the  electrical  constant 
current  stressing  the  voltage  levels  required  to  maintain 
the  prescribed  current  were  monitored  (FIGURES  4 . lA  and 
4.18)  and  recorded.  After  the  constant  current  stress,  post 
CV  plots  ■••ere  generated. 

4.1.2  Pro  Stress  Testing 
. 1  .  2  . 1  Pinhole  test 

Pinhole  tests  were  taken  on  each  capacitor  at  various 
voltage  ranges  according  to  the  oxide  thickness  range.  -5 
volts  was  used  on  the  200  angstrom  oxide  range,  -2.5  volts 

was  used  on  the  100  angstrom  oxides  and  -1.25  volts  on  the 

50  angstr'^m  oxide  range  of  oxide  thickness.  A  -100.0 
nanoamp  current  flag  signified  a  pinhole  at  the  specified 
voltage.  Ttie  capacitors  used  in  this  study  were  of  6.34E-4 
cm  squared  area.  The  total  area  per  wafer  tested  was  3.8E-1 
cm  squared  and  no  die  were  found  to  be  failing  the  pinhole 

test  for  any  oxide  thickness.  This  finding  is  consistent 

v;ith  typical  pinhole  densities  at  SGS-Thomson  Americas.  The 
pinhole  density  is  low  enough  to  require  larger  test  areas 
to  make  a  significant  determination 
4.  1.2.  2  Pr“  C-V  testino 
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Due  to  the  variation  in  oxide  thickness  the  magnitude 
of  the  sweep  voltage  was  modified  to  prevent  unintentional 
stress.  The  200  angstrom  range  of  oxide  thickness  used  a 
sweep  voltage  of  -10.0  volts  to  +3.0  volts.  The  100 
angstrom  range  of  oxide  thickness  used  a  sweep  range  of  -6.0 
to  +5.0  voits.  The  50  angstrom  range  of  oxide  thickness 
used  a  -4.0  volts  to  +4.0  volts  sweep.  Preliminary  tests 
were  performed  to  insure  that  maximum  capacitance  was 
attained  at  the  sweep  starting  voltage  for  each  range  of 
thickness.  The  pre-stress  C-v  was  plotted  for  each 
capacitor  as  shown  in  FIGURE  (4. 1C).  After  the  current 
stress,  the  post-stress  C-V  is  taken  in  the  same  manner  as 
the  pre  C-V  and  plotted  with  the  pre  stress  C-V.  It  was 
found  that  the  initial  capacitance  of  the  test  sites  was 
undependable  due  to  the  equipment  set-up.  Therefore,  oxide 
thickness  calculations  from  the  initial  capacitance  was 
inaccurate.  Because  of  this  and  the  necessity  for  accurate 
oxide  thicknesses  in  the  analysis  of  the  matrix,  selected 
die  were  used  to  determine  the  wafer  oxide  thickness  from 
Fov;le  r-Mordhe  im  tunneling  current.  These  die  were  not  used 
in  the  stress  matrix  and  on  the  wafer  map  they  are  labeled 
"untested" . 


4.1.2.  3  Oxide  Thickness  Dete 

Eight  capacitors  per 
interior  portion  of  each 
determination.  A  constant, 
was  applied  until  oxide 
capacitors  ^FIGURE  M.2)). 
determined,  from  previous 
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rmi nation 

wafer  were  selected  in  the 
wafer  and  used  for  thickness 
0.5  volts/second,  voltage  ramp 
breakdown  occurred  on  these 
This  ramp  rate  has  been 
studies,  to  be  fast  enough  to 
s.  A3  point  fit  at  10-9, 
-Mordheim  tunneling  probability 
the  resulting  I-V  plots: 

-2  )  e( EXP( -2 . 3 5x10-8 /E)  )  (4.1) 

in  the  calculation  of  Ebd 
in  the  Input/Output  Table 


-.1,3  Oxide  Stress  Parameters 

The  ^urren*-  densities  for  oxide  stressing  were 
determ.ined  by  sample  wafers  run  previous  to  the  actual 
matrix  -wafers.  In  accordance  with  time  restrictions  for  the 
compl  e  t  i '"'-I  of  tlie  matrix  testina  and  the  necessity  to  have 
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current  density  also  would  not  only  dictate  the  magnitude  of 
the  delta  V(fb),  but  also  the  percentage  of  failed  oxides  to 
be  used  in  TTF  calculations.  In  order  to  meet  these 
demands,  current  density  magnitudes  were  chosen  to  yield 
significant  data  in  all  categories.  This  meant  that  some 
holes  in  the  data  outputs  would  naturally  exist.  Stress 
levels  to  attain  data  in  the  categories  above  for  200 
angstrom  oxides  would  over  stress  the  50  angstrom  oxides  and 
result  in  large  failure  percentages  and  no  post  stress  C-V 
results.  Likewise,  current  densities  to  yield  results  in 
the  50  angstrom  thickness  ranges  would  not  fail  enough 
capacitors  to  have  significant  TTF  data.  Therefore,  a 
compromise  in  the  current  density  ranges  was  made  to  yield 
data  in  all  categories  at  some  level  of  stress  for  each 
cell,  all  within  a  timely  fashion. 

Current  densities  chosen  were:  -0.79,  -0.55  and  -0.31 
amps/cm  squared  (500  uA,  350  uA,  200  uA  respectively  for  an 
area  of  6.35e-4  cm**2.)  The  times  of  stress  chosen  not  only 
needed  to  be  timely  in  order  to  test  all  of  the  wafer  in  the 
matrix,  but  also  needed  to  complement  the  current  densities 
in  yielding  data  in  all  the  output  categories.  Times  chosen 
using  the  pre-matrix  samples  wafers  were:  1,  10  and  60 
seconds  . 

Stress  temperatures  were  chosen  to  complement  the 
typical  industry  standard  testing  temperatures. 
Temperatures  chosen  were:  30,  70  and  125  degrees  C.  Thirty 
degrees  was  chosen  for  the  "room  temperature"  measurement 
because  of  the  ability  to  have  a  stable  temperature  while 
using  a  chuck  equipped  with  only  a  heater  element.  Ambient 
room  temperature  during  the  testing  was  in  the  24  degrees  C 
range . 


During  the  stress  of  each  oxide,  the  voltage  to  sustain 
the  specified  current  density  was  monitored.  The  time 
between  voltage  sampling  was  in  the  range  between  5.0-16.7 
milliseconds.  This  time  was  dictated  by  the  DMA  (Direct 
Memory  Access)  internal  to  the  Keithley  tester  being  used. 
Plots  were  generated  of  voltage  vs.  time  as  shown  in  FIGURE 
^ 4 . lA  and  4. IB).  Also,  from  this  data,  outputs  of  delta  Vg 
at  failure  times  and  failure  voltage  (Vbd)  were  generated. 

4.1.4  Post  Stress  Testing 

C-V  plots  were  generated  after  the  stressing  of  the 
oxides.  The  C-v  sweep  ranges  were  the  same  as  those  used  in 
the  pre- stress  C-V  test.  The  frequency  and  oscillator  level 
used  during  the  C-V  sweep  v/ere  l.n  riHs  and  0.1  volts 
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respectively.  Delta  Vfb  values  from  the  pre  and  post  sweeps 
were  of  little  value  in  some  cases  because  of  the  large 
amounts  of  fluctuation  in  the  data.  We  could  not  clearly 
distinguish  between  oxides  near  breakdown  and  oxides  which 
could  withstand  longer  stress  times.  This  had  the  tendency 
to  automatically  build  in  large  deviations.  Nevertheless, 
where  the  data  is  good  it  has  been  used  in  the  analysis. 

4.1.5  Results  and  discusions 

The  Input/Output  Table  (TABLE  (4.1))  gives  a  cursory 
view  of  the  inputs  and  outputs  of  the  test  matrix.  Output 
categories  include: 

4. 1.5.1  Delta  Vfb  -  the  delta  of  the  pre  stress  C-V  and  the 
post  stress  C-V  at  the  half  Cmax  value.  Post  C-V  data  was 
taken  at  the  end  of  the  stress  time  for  the  cell.  Where 
delta  Vfb  data  occurs  when  %  total  fails  is  100%,  data  is 
from  <  %5  of  the  tested  caps  which  have  acceptable  post  Vfb 
,  but  are  "failed"  capacitors. 

4. 1.5. 2  BVT  -  ^  of  capacitors  failing  below  the  equipment 
valid  measurement  time  of  34  milliseconds. 

4. 1.3. 3  PT  -  number  of  good  capacitors  at  the  end  of  the 
stress  time. 

4. 1.5. 4  -v  TOT  Fails  -  %  of  failed  capacitors  on  the 
cumulative  ■-  fail  vs.  time  plot.  Note  that  these  failures  do 
not  include  probe  pick-up  failures. 

4. 1.5. 5  Ebd  -  electric  field  at  oxide  failure.  This  value 
is  calculated  from  the  voltage  (Vg)  at  fail  vs.  time  plots 
for  each  ■.vafer  as  shown  in  FIGURE  (4.3).  The  voltage  value 
used  to  calculate  the  Ebd  comes  directly  off  of  the  plot 
using  the  minimum  threshold  voltage  illustrated.  The 
extraction  is  done  manually. 

4. 1.5. 6  TlO,  T16,  and  T50  -  are  time  in  seconds  that 
correspond  to  10  percent,  16  percent  and  50  percent 
cumulative  failures. 

J.1.5.7  Time  to  Fail  Dependence 

A  strong  time  to  fail  dependence  is  seen  in  relation  to 
the  stress  current.  FIGURE  (4.4)  is  a  plot  of  Time  for  50% 
failure  '/s  Breakdown  Field.  FIGURE  (4.dj  illustrates,  for 
both  the  50  and  200  angstrom  ranges  of  thickness,  that  the 
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oxides  stressed  to  500  microamps  failed  much  sooner  than  the 
oxides  stressed  at  200  microamps.  This  plot  also 
the  200  angstrom,  500  microamp  current  group  (lower  left 
group  of  data).  The  30  degree  test  temperature  has  a  longer 
time  to  fail  for  the  200  angstrom,  200  microamp  stress,  and 
the  50  angstrom,  500  microamp  stress  conditions. 

Radiation  effect  is  random  in  all  the  data  groups 
illustrated  in  FIGURE  (4.4)  except  the  200  angstrom,  200 
microamp  group.  This  is  probably  because  the  temperature 
stress  is  grouped  to  trend  with  the  radiation  magnitude. 
Therefore  we  assign  a  smaller  or  no  significance  to  the 
effects  of  radiation  on  the  TTF.  It  should  be  noted  that  the 
oxides  were  not  biased  during  exposure  to  radiation  and 
this  result  is  consistent  with  findings  of  other  researchers 
[12] ,  [13]  . 

The  fact  that  the  oxides  stressed  with  200  microamps 
lasted  consistently  longer  than  the  500  microamp  stressed 
oxides  appears  to  be  entirely  independent  of  the  oxide 
thickness.  The  same  trend  was  seen  in  the  Time  for  10%  and 
16%  failure  vs  Breakdown  Field  characteristics. 

4. 1.5. 8  Field  Breakdown  Dependence 

A  Field  Breakdown  ( Ebd )  dependence  on  oxide  thickness 
can  be  seen  in  FIGURE  (4.4).  Also  the  difference  in  slope 
of  the  50  angstrom  oxides  dependence  on  field  from  the  slope 
of  the  200  angstrom  oxides  indicates  a  change  in  the  field 
acceleration  factor  with  changing  Ebd. 

4. 1.5. 9  Time  To  Fail 

Cumulative  %  failures  in  time  plots  (TTF)  were 
generated  directly  from  the  monitor  of  voltage  in  time 
during  stress.  FIGURE  (4.5)  is  an  illustration  of  the  TTF 
plot.  The  vertical  line  at  a  time  between  lOE-2  and  lOE-1 
represents  the  limit  of  the  equipment  to  accurately  measure 
the  time  to  fail.  From  these  plots,  which  were  generated 
for  each  wafer,  v/ere  extracted  data  for  the  TlO,  T16,  and 
T50  columns  of  the  Input/Output  Table  (TABLE  4.1). 

4.2  WAFER  DEFECT  MAPPING 

4.2.1  Introduction 

Wafer  defect  mapping  is  an  effective  analysis  tool  for 
location  nf  defect  sensitive  areas  of  a  wafer.  The 
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illustrates  that  although  the  time  to  fail  is  dictated  first 
order  by  current  density,  and  that  temperature  is  a  second 
order  effect.  This  is  clear  in  all  the  categories  except 
technique  can  elucidate  problems  such  as  process  induced 
effects,  wafer  orientation  effects,  and  substrate  defect 
locations.  Process  effects  can  be  caused  by  etch  rate 
non-uniformity,  uneven  oxidation  rate  or  contamination  level 
due  to  furnace  wall  proximity  in  the  gate  or  capacitor  oxide 
growth  cycle,  to  name  a  few.  Defect  mapping  can  also 

highlight  surface  stacking  faults  (SSF)  densities  from 
oxygen  concentrations  in  silicon  substrate  or  crystal  slip 
caused  by  thermal  stress  from  heating  non-uniformity. 

Therefore,  this  type  of  analysis  is  very  important  to 
determine  the  randomness  of  the  defects  under  investigation 
and  to  help  elucidate  any  defects  created  by  effects  from 
the  above  mentioned  sources.  The  randomness  of  the  defects 
insure  that  the  defects  being  studied  are  of  an  inherent 
nature  to  the  process  and  therefore  "intrinsic"  to  the 
production  of  devices. 

4.2.2  Analys i s 

At  the  completion  of  wafer  testing  each  die  tested  was 

mapped  and  labeled  into  categories,  refer  to  FIGURE  4.6. 

There  were  four  capacitors  on  each  die,  and  152  die  per 
wafer.  The  die  on  the  map  were  numerically  labeled  in  the 
same  order  they  were  tested.  The  four  squares  within  the 
larger  squares  (die)  represent  the  individual  capacitors  and 
they  are  orientated  as  they  are  in  each  die.  The  categories 
that  the  capacitors  were  sorted  into  are:  good  capacitors, 
shorted  capacitors,  untested  capacitors,  and  failed 
capacitors.  Good  caps  are  capacitors  that  had  not  ruptured 
at  the  end  of  the  stress,  that  is,  they  passed  the  criteria 
of  greater  than  7,0  volts  to  sustain  the  current  density  of 
the  test  at  the  end  of  the  test  time.  The  7.0  volt  criterion 
applies  to  all  the  current  densities  and  thicknesses  in  the 
matrix.  Shorted  caps  ace  capacitors  which  failed  a  |100 
nanoampl  pinhole  test  criterion  previous  to  the  current 
stress.  The  pinhole  test  voltage  was  5.0  volts  for  the  200 
angstrom.  range  oxides,  2.5  volts  for  the  100  angstrom 
oxides,  and  1.25  volts  for  the  50  angstrom  oxides.  These 
caps  would  have  been  used  to  determine  the  pinhole  density, 
but  the  densities  were  found  to  be  to  low  for  the  area 
studied.  Untested  capacitors  were  capacitors  not  used  in  the 
constant  current  stress  testing  because  they  were  used  for 
I-V  comparisons  or  oxide  thickness  determinations.  Failed 
caps  are  capacitors  which  have  failed  the  voltage  criteria 
mentioned  above  for  oood  cans  at  the  end  of  the  stress  time. 


3  6 


LOT  t  -  PS0328 


WAFER  I  •  46 


KAP  DATE  •  14-JAN-eB 


Q  -  GOOD  CAP  Q  -  UNTESTED  CAP 

J3  -  SHORTED  CAP  -  FAILED  CAP 


WAFER  FLAT 


FIGURE  4.6  200  ANGSTROM  WAFER  MAP 


4.2.3  Discussion 


Where  a  large  percentage  of  the  capacitors  have  failed 
at  the  end  of  the  stress  time  (above  85  %)  and  likewise  when 
a  small  percentage  of  the  caps  have  failed  (5-20%)  it  is 
easy  to  visually  establish  emerging  trends  in  the  maps. 
Fifteen  of  the  34  wafers  in  the  test  have  effectively  all 
the  caps  in  the  failed  category  and  2  wafers  failed  below  5% 
of  the  caps.  This  eliminates  50%  of  the  generated  maps  from 
any  trend  analysis.  Of  the  remaining  maps  it  is  evident 
that  no  radial  or  quadrat  type  trends  are  present.  To 
illustrate  this  two  examples  are  shown  in  FIGURES  4.6  and 
4.7.  FIGURE  4.6  is  a  map  of  a  200  angstrom  wafer  where  50% 
of  the  caps  had  failed  after  stress.  FIGURE  4.7  is  a  map  of 
a  50  angstrom  wafer  with  20%  of  the  caps  failed.  It  can 
readily  be  seen  that  no  trends  exist.  Some  edge  die  in  the 
map  (Figure  4.7)  should  be  ignored  because,  by  consensus  we 
believe  them  to  be  caused  by  tweezer  handling.  This 
information  gives  evidence  that  the  defects  under 
investigation  in  this  study  are  of  a  random  nature. 

4.3  Charge  Trapping  in  50  and  200  Angstrom  Oxides  Under 
Constant  Current  Stressing. 

There  have  been  many  reports  of  fast  hole  trapping  or 
donor  trap  generation  followed  by  electron  trapping  or 
acceptor  trap  generation  in  stressed  oxides  [14)-(16].  Most 
reports  agree  that  under  a  negative  gate  constant  current 
injection,  holes  are  trapped  first,  and  eventually  electron 
trapping  dominates.  In  addition  to  this,  most  reports  agree 
that  the  generation  of  traps  increases  with  temperature,  but 
there  are  conflicting  reports  concerning  the  effect  of 
temperature  on  the  density  of  trapped  charge.  In  order  to 
discuss  charge  trapping,  we  must  first  understand  the  method 
of  characterization. 

4.3.1  Theory  and  Methodology  of  Charge  Trapping  Analysis 

We  choose  the  method  using  the  gate  voltage  change 
versus  time  necessary  to  maintain  a  constant  current.  The 
change  in  gate  voltage  ( DVg )  for  a  single  trapping  mechanism 
is  related  to  the  electric  field  associated  with  that  trap 
by  equation  (4.2), 

DVg  =  Eti  ■^Tc  (4.2) 

where  Ti"  is  the  centroid  of  trapped  charge  measured 
from  the  no!i  -  i  n  j  ec  t  i  ng  electrode  and  Eti  is  the  trapping 
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field  for  that  ith  trap.  The  flatband  voltage  shift  due  to 
a  single  trapping  mechanism  is  given  by  EQUATION  (4.3), 

DVfb  =  Eti*(Tox  -  Tc).  (4.3) 

From  EQUATIONS  (4.3)  and  (4.4),  the  centroid  of  trapped 
charge  can  be  found  for  a  single  trapping  mechanism  as, 

Tc  =  (DVg/(DVf,  +  DVfb)l*Tox.  (4.4) 

The  density  of  trapped  charges  for  a  single  trap  is 
related  to  the  corresponding  electric  field  as  EQUATION 
( 4.5)  , 

Eti  =  Nt*C  (4.5) 

where  C  =  2*q/e  and  e  is  the  dielectric  constant  of 
Si02.  From  EQUATIONS  (4.2)  and  (4.5),  the  density  of 
trapped  charge  can  be  found  to  be  EQUATION  (4.6) 

Nt  =  DVg*C/Tc.  (4.6) 

For  traps  with  very  small  cross  sections,  the  trap 
generation  probability  (G)  is  related  to  the  density  of 
trapped  charge  by  EQUATION  (4.7), 

Nt  =  G*Q  -q  (4.7) 

where  Q  is  the  integrated  leal<age  charge  flux.  Taking 
the  derivative  of  EQUATION  (4.7)  with  respect  to  time  gives 
EQUATION  U . 8 ) , 

dMt, dt  =  G*J/q  (4.8)  where  J  is  the  current  density. 

It  is  important  to  note  here  that  the  gate  voltage 
change  with  time  is  made  up  of  various  components,  each  of 
which  is  related  to  a  different  trapping  mechanism. 
Therefore,  each  DVgi  will  correspond  to  a  centroid  of 
trapped  charge  and  a  trap  generation  probability.  The  trap 
generation  probability,  '.vhich  may  be  defined  as  the  number 
of  traps  per  unit  volume  generated  by  one  passing  electron 
in  cm’^'^2,  is  in  units  per  electron.  With  these 
considerations  in  mind,  we  will  now  proceed  with  an  analysis 
in  general  and  an  analysis  designed  to  pro'^uce  the  outputs 
to  be  used  in  the  Hadamard  matrix. 

4.3.2  Analysis  of  Data  Concerning  Charge  Trapping 
Characteristics  FIGURES  4.8  and  4.9  show  some  typical  curves 
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foL'  DVg  vs  time  data  for  50  and  200  Angstrom  oxides 
respectively.  The  decrease  in  the  magnitude  of  gate  voltage 
change  (DVg  >  0  for  negative  gate  injection)  indicates  hole 
trapping,  while  an  increase  in  the  magnitude  of  gate  voltage 
change  (DVg  <  0  for  negative  gate  injection)  indicates 
electron  trapping.  It  is  obvious  from  the  figures  that 
initially  both  oxides  are  trapping  holes,  however,  the  hole 
traps  for  the  50  Angstrom  oxide  become  saturated  almost 
immediately  while  the  hole  traps  for  the  200  Angstrom  oxides 
showed  a  much  longer  time  until  saturation  of  DVg  with  time, 
if  saturation  was  observed  at  all.  In  fact,  only  one  cell 
which  was  stressed  at  the  lower  current  and  for  60  seconds 
showed  an  eventual  saturation  of  the  DVg  vs  TIME  curve  which 
led  a  linear  decrease  of  DVg  with  time,  as  observed  in  all 
of  the  50  Ang.  oxides,  indicating  a  very  large  amount  of 
electron  trapping  (~  le+13/cm**2)  or  a  large  amount  of 
acceptor  trap  generation  ( '  le-06/e-)  as  shown  in  FIGURE 
4.10,  However,  these  curves  are  not  indicative  of  the  data 
in  general. 

The  initial  hole  trapping  in  the  50  Angstrom  oxides 
occurs  sc  fast  that,  for  most  of  the  wafers,  there  are  only 
a  few  points  or  less  which  illustrate  this  effect,  and  for 
several  it  is  as  if  the  initial  gate  voltage  change  just 
appears  between  10  and  50  millivolts  above  zero  (FIGURE 
4.11).  It  is  for  this  reason,  that  we  will  concentrate  on 
electron  trapping  or  acceptor  trap  generation  for  the  50 
Angstrom  oxides;  and  hole  trapping  or  donor  trap  generation 
for  the  200  .^^ngstrom  oxides. 

In  order  to  be  able  to  obtain  a  response  for  the 
Hadam.ard  m.atrix  analysis,  it  was  necessary  to  determine  a 
specific  time  at  •.•;hich  the  density  of  trapped  charge  (Nt) 
and  the  trap  generation  probability  (G)  should  be  analyzed. 
The  trapping  mechanism  at  that  point  in  time  would  be  the 
determining  factor  for  the  two  quantities  of  interest.  In 
determining  a  time  at  which  to  perform  the  analysis,  two 
considerations  had  to  be  taken  into  account:  1)  The  time 
had  to  bo  one  for  which  we  had  data  for  each  cell  and  2)  We 
•.-.■anted  t-?  oliserve  the  effect,  if  any,  that  the  charge 
traoping  'rad  on  fails  in  time.  From  these  two 
considerations  it  was  clear  that  the  most  appropriate  time 
to  do  the  anal'/sis  was  at  the  one  second  point. 

It  should  be  noted  that  all  graphs  of  DVg  Vs.  Time  are 
olotted  7s.  Time  of  fail.  That  is,  DVg  is  actually  voltage 
at  fail  -  initial  -/oltage  at  the  beginning  of  stress.  This 
is  a  a  1  i  '  ri’.eth. '-'^1  due  to  tl'*e  ■•’ide  d  i  s  t  r  i 'rv' (i  i  on  of  failures 
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Typical  Delta  Vg  vs  Time  Curve. 
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Fast  Hole  Trapping  for  a  50  Angs. 
Illustrated  by  Wafer  #  08 
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in  Time.  Therefore,  we  do  not  have  data  for  any  one 
capacitor . 

The  analysis  was  performed  by  determining  the  dominant 
trapping  mechanism,  and  then  isolating  that  mechanism.  In 
order  to  do  this,  only  points  which  showed  intrinsic 
breakdown  characteristics  and  were  related  to  that  specific 
trapping  mechanism  were  plotted.  Also,  for  wafers  which 
were  stressed  for  one  second,  all  points  which  indicated 
failure  at  the  one  second  point  were  eliminated.  This  was 
because  the  probe,  upon  completion  of  the  test,  quickly 
ceases  contact  with  the  gate.  When  this  happens,  a  voltage 
spike  often  occurs  which  blows  the  capacitor  (and 
consequently  causes  a  breakdown  to  be  recorded.)  Therefore, 
a  somewhat  large  distribution  of  breakdowns  occur  at  that 
point  in  time.  To  avoid  any  tainted  conclusions,  these 
points  needed  to  be  eliminated.  Also,  any  points  which 
showed  failure  at  times  below  three  one-thousandths  of  a 
second  were  eliminated  due  to  machine  limitations.  The  plots 
were  then  generated  and  least  squares  fits  were  obtained. 
From  the  equation  of  those  fits  the  density  of  trapped 
charges  and  trap  generation  probability  were  obtained  using 
EQUATIONS  (4.6)  and  (4.8)  respectively. 

As  stated  previously,  the  analysis  showed  that  for  both 
thicknesses  holes  were  being  trapped  initially  with  the 
eventual  trapping  of  electrons.  For  the  50  Angstrom  oxide, 
the  trapping  of  holes  became  saturated  very  quickly  while 
for  the  200  Angstrom  oxide,  the  hole  trapping  did  not 
saturate  for  much  longer  times  as  was  illustrated  previously 
with  the  use  of  FIGURES  4.8  and  4.9.  This  is  to  be  expected 
due  to  a  smaller  probability  of  electron  collision  in  the 
thinner  oxide. 

Also,  it  was  determined  that  for  the  different 
thicknesses,  the  trap  density  and  trap  generation 
probability  differed  by  a  factor  of  ten,  and  consequently 
the  thicker  oxide  had  the  higher  values  for  both.  This  is 
typified  in  FIGURES  4.12  and  4.13.  Moyori  et  al.,  [17]  has 
shown  this  to  be  true  also. 

FIGURES  4.14  and  4.15  show  that  the  effect  of 
temperature  was  to  increase  both  the  density  of  trapped 
charge  and  the  trap  generation  probability  for  both  electron 
and  hole  trapping  in  both  thicknesses.  This  is  illustrated 
even  more  effectively  in  FIGURES  4.16  (A  and  B)  and  4.17  (A 
and  B).  It  has  been  reported  that  at  higher  temperatures, 
the  density  of  trapped  charge  actually  decreases,  however. 
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Effect  of  Temperature  on  50  Amgs.  oxides. 
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we  have  not  observed  this  phenomenon.  Tatsuuma  et  al.,  [18] 
reported  a  transition  temperature  of  125  C  from  the  low 
temperature  region  into  the  higher  temperature  region. 
Above  125  C,  they  reported  that  the  electrons  cannot  gain 
enough  energy  to  cause  impact  ionization  due  to  phonon 
scattering  effects.  Our  highest  temperature  was  125  C,  so 
that  a  decrease  in  trapped  charge  may  not  have  been  observed 
due  to  the  fact  that  we  were  right  at  the  reported 
threshold.  However,  the  possibility  exists  that  the 
phenomenon  does  not  exist  at  such  high  current  densities 
(315  mA/cm**2  and  787.5  mA/cm**2). 

Also,  FIGURES  4.16  and  4.17  along  with  FIGURES  4.18  and 
4.19  indicated  a  strong  dependency  of  trapped  charge  and 
trap  generation  on  the  amount  of  the  total  charge  density 
injected  into  the  oxide.  This  is  in  agreement  with  much  of 
the  literature  [14],  and  caters  to  physical  intuition  when 
one  takes  into  account  that  we  are  injecting  particles, 
which  contain  both  a  mass  and  a  volume,  through  an 
amorphous  solid. 

Actual  calculated  values  for  each  cell  will  be  shown  in 
the  next  section  in  tables  4.6  and  4.7. 

4.4  Statistical  Analysis 

This  section  vnlll  be  concerned  with  the  choosing  of  the 
factorial  matrix  which  we  have  used,  along  with  the 
underlying  concepts  of  factorial  matrices.  Then,  a 
discussion  of  the  statistical  results  will  be  given  which 
v;ill  include  a  discussion  of  the  electrical  data.  Some 
models  to  explain  our  observations  and  some  suggestions  for 
further  study  will  be  given  to  conclude  this  section. 

An  introduction  and  summary  of  factorial  matrices,  in 
general,  will  be  presented  in  4.4.1.  Next,  the 
characteristics  of  factorial  matrices  will  be  discussed  with 
the  help  of  some  examples  which  show  how  we  obtain  the 
resulting  relationships  between  factors  and  responses.  This 
will  be  uiven  in  4.4.2. 

An  overview  of  the  design  and  analysis  of  two-level 
full  factorial  experiments  will  be  given  in  4.4.3.  This 
•••ill  be  foilo:'/ed  by  some  guidelines  for  designing  2-level 
full-factorial  experiments  which  will  be  laid  out  in  4.4.4. 
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A  Step  by  step  discussion  of  how  to  analyze  the  data  is 
given  in  4.4.5,  which  will  be  followed  by  a  brief  discussion 
of  the  design  and  analysis  of  screening  experiments  in 
4.4.6.  This  is  necessary  because,  although  our  experiment 
was  designed  as  a  fractional  factorial  screening  experiment, 
it  will  be  discussed  and  shown  why  we  eventually  came  to  use 
the  full  factorial  analysis  methods. 

We  v/ill  then  use  the  previously  described  background 
information  and  analysis  methodology  as  applied  to 
cumulative  percent  fails  in  time  in  4.4.8,  and  as  applied  to 
charge  trapping  in  4.4.9.  Finally,  a  summary  of  the 
statistical  results  will  be  given  with  some  common 
observations  from  the  data  as  backing  evidence. 

4.4.1  Factorial  Matrices 

Discrete  factors  have  the  property  of  being  able  to 
assume  only  a  limited  number  of  values.  On  the  other  hand, 
continuous  variables  (like  those  which  we  are  dealing  with) 
may  take  on  any  value  within  a  numerical  range.  For  a 
specific  experiment,  there  will  usually  be  an  upper  and 
lower  limit  of  interest  specified.  Nevertheless,  within  the 
lim.its,  the  factor  could  be  set  to  any  value.  In  most 
factorial  experiments  only  two  levels  for  each  factor  are 
actually  applied.  The  two  levels  are  coded  low  (-)  and  high 
(+).  For  the  case  of  continuous  factors  (as  is  ours)  the 
two  levels  should  be  sufficiently  separated  so  that  a 
significant  response  can  be  easily  and  clearly  distinguished 
from  any  experimental  error  in  the  measured  response.  By 
using  v;ideiy  spaced  (  +  )  and  (-)  levels  the  chances  of 
identifying  significant  effects  with  an  experiment,  or  to 
conclude  that  no  effect  other  than  experimental  error  occurs 
is  i m D r 0 e d  . 

4.4.2  Characteristics  of  Factorial  Experiments 

In  factorial  experiments,  the  use  of  factorial 
arrangements  for  the  factors  in  an  experiment  makes  each  run 
yield  information  concerning  every  factor.  Thus,  not  only 
are  factorial  experiments  highly  efficient  in  the  number  of 
runs  utilized,  but  the  efficiency  is  increased  by  multiple 
use  of  each  response.  The  term  factorial  is  used  to 
indicate  that  a  factorial  experiment  permits  the 
simultaneous  estimation  of  several  factors,  as  opposed  to 
"one-a t-a-time "  experiments  in  which  the  measured  effects 
are  du*^  to  the  change  of  independent  variables  only.  In 
•••'■'I  i':- ,  on  t'h'^  factorial  (n!)  of  an  integer  is  its 


product  with  all  of  the  positive  integers  smaller  than 
itself,  in  factorial  experiments,  each  factor  effect  is 
based  on  all  the  individual  measured  responses.  The  term 
factor  is  chosen  (in  lieu  of  independent  variable),  to 
emphasize  the  fact  that  in  factorial  experiments,  every  run 
will  produce  information  concerning  the  effect  of  every 
independent  variable.  In  full  factorial  experiments,  a 
set  of  runs  in  which  all  possible  combinations  of  factors  at 
the  levels  specified  by  the  experiment  are  conducted.  Thus, 
for  a  2-level  full  factorial  experiment,  with  )c  factors, 
2**k  runs  are  required.  Since  the  (+)  and  (-)  levels  of 
each  factor  can  represent  the  extremes  of  the  ranges  over 
which  the  factors  of  the  experiment  will  be  set,  the 
complete  experimental  space  of  the  experiment  is  covered  by 
a  full  factorial  experiment.  Full  factorial  experiments, 
as  opposed  to  one-at-a- time  experiments,  not  only  give  a 
complete  exploration  of  the  experimental  space,  but  they 
also  offer  the  additional  advantages  of  hidden  replication, 
and  information  about  interaction  effects  among  factors.  The 
terms  factor  effect,  main  effect,  and  interaction  effect 
need  to  be  defined  at  this  point.  A  factor  effect  is  the 
difference  in  the  two  measured  responses  when  two  different 
levels  of  a  factor  are  applied  in  an  experiment.  An  example 
of  a  factor  effect  is  (Yl  -  Y2 ) ,  where  Yl  is  the  response 
due  to  a  factor  set  to  level  1,  and  Y2  is  the  response  due 
to  the  same  factor  set  at  level  2.  In  the  ideal  case,  only 
the  difference  in  the  factor  levels  plays  a  role  in 
determining  the  value  of  the  difference  in  responses,  but 
in  actual  experiments,  the  value  of  the  factor  effect  also 
depends  on  the  experimental  error.  To  reduce  the  role  of  the 
random  experimental  error,  replication  of  the  measurement 
must  be  performed.  As  noted,  in  the  one-at-a-time  approach, 
such  replications  must  be  direct.  That  is,  identical 
experimental  runs  need  to  be  repeated  in  order  to  get 
average  values  for  Yl  and  Y2. 

In  factorial  experiments,  on  the  other  hand,  every  run 
produces  information  concering  the  effect  of  each  factor. 
Therefore,  an  average  value  for  each  response  at  a  given 
factor  level  can  be  calculated  from  the  data  of  a  full- 
factorial  experiment,  without  having  to  replicate  the  entire 
factorial  experiment  (or  even  any  of  its  individual  runs). 
This  ability  of  factorial  experiments  to  intrinsically 
produce  average  values  of  factor  effects  without  having  to 
directly  replicate  experimental  runs  is  referred  to  as  a 
"hidden  replication"  capability.  Information  about  two 
types  of  factor  effects  are  also  available  from  factorial 
e  xpe  r  t  me^^  :  a)  main  effects,  and  b)  interaction  effects. 
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On  the  other  hand,  in  one-at-a-time  experiments,  no 
information  about  interaction  effects  can  be  extracted. 
Main  effects  for  each  individual  factor  are  defined  to  be 
the  difference  between  two  average  responses  Y+  and  Y-,  or 
EQUATION  4.9: 


Main  Effect  =  (Y+)  -  (Y-)  (4.9) 
average  response  at  the  (-)  level. 

Main  effects  can  be  easily  visualized  with  the  aid  of  a 
cube  that  represents  a  2-level,  3  factor  factorial 
experiment  as  shown  in  FIGURE  4.20.  The  main  effect  of 
factor  A  is  based  on  a  comparison  of  the  response  values  at 
the  left  and  right  faces  of  the  cube.  Now,  examine  the 
lower-rear  edge  of  the  cube.  Along  this  edge  are  two 
corners,  each  of  which  represents  a  set  of  factor  values. 
The  only  difference  between  the  sets  is  in  the  values  of  A. 
By  taking  the  difference  of  the  responses  for  the  sets  of 
values  of  these  two  corners  we  get  an  estimate  of  the  effect 
of  factor  A  (one-at-a-time  estimate).  However,  there  are 
also  three  other  edges  along  which  B  and  C  will  remain 
constant  as  A  is  varied.  Basically,  there  are  four  edges 
that  allow  us  to  estimate  the  effect  of  A.  The  main  effect 
of  A  is  the  average  of  the  difference  in  the  responses 
measured  from  these  four  edges,  and  is  a  measure  of  the 
effect  that  the  varying  of  A  alone  will  have  on  the 
response . 

On  the  other  hand,  two  or  more  factors  are  said  to 
interact  if  the  effect  of  one,  say  B,  is  different  at 
different  levels  of  other  factors.  Such  interactions  show 
up  as  interaction  effects  and  they  can  be  estimated  from 
full  factorial  experimental  data  just  as  well  as  the  main 
effects.  To  better  illustrate  a  factor  effect,  consider  a 
2-levei,  2  factor  experiment  with  factors  A  and  B  shown  in 
FIGURE  4.21  -A.  The  interaction  effect  is  defined  as 
EQUATION  J.IO 

Interaction  Effect  =  f(Y4  -  Y3^  -  (Y2  -  Yl)]/2 
=  f ( Yl  +  Y4 >  -  ( Y3  ^  v2 ) ]  2  (4.10) 

and  it  becomes  apparent  that  the  result  involves  the 
comparison  of  responses  at  diaaonally  opposite  corners. 

The  presence  of  an  interaction  can  also  be  shown  by 
examining  the  responses  of  a  2-level,  2-factor  experiment 
'  for  fact'r'TS  Y.  and  B'  .  The  oraph  of  Y  "'ersus  A  is  plotted 
■V  i  t  h.  B  b  i  n g  1  o w  .  I  f  t  h e-  o  r  a  d h s  h a. <=  N  i  f  f  o  r  »  n  t  slopes 
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FIGURE  4.21.  TWO  FACTOR  EXAMPLE  SHOWING 
INTERACTION  EFFECTS 
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(FIGURE  4.21(B  and  C),  there  is  no  interaction  effect 
between  A  and  B.  However,  for  the  case  of  different  slopes 
(FIGURE  4.21  D),  this  indicates  the  presence  of  an 
interaction  effect. 

Obviously,  one  of  the  roles  of  statistical  analysis  is 
to  determine  if  the  measured  effects  in  an  experiment  (both 
main  and  interaction),  are  primarily  due  to  the  factors 
being  investigated  or  are  just  due  to  fluctuations  (more 
commonly  known  as  errors)  of  the  measured  environment. 
Those  effects  which  are  determined  in  the  analysis  of 
experimental  data  as  being  greater  than  the  expected  error 
effects  are  referred  to  as  significant  (or  more 
appropriately,  statistically  significant). 

As  was  previously  shown,  even  2-level  full-factorial 
experiments  can  easily  require  a  very  large  number  of  runs, 
as  the  number  of  factors  increase.  In  many  circumstances, 
by  making  careful  and  appropriate  selections,  a  smaller  set 
of  runs  can  provide  some  useful  and  efficient  information. 
If  an  experiment  is  designed  in  such  a  way  that  only  a 
fraction  of  all  the  runs  of  a  full-factorial  experiment  are 
to  be  pe r formed ,  it  is  designated  as  a  f r actional- factorial 
experiment.  Reduced-run  experiments  of  this  sort  find  wide 
applicability  in  the  early  stages  of  an  experimental 
project,  where  a  large  number  of  factors  are  cataloged,  but 
knowledge  about  their  relative  importance  on  the  process 
being  optimized  is  not  known.  At  that  point,  screening 
experiments  designed  to  identify  the  significant  factors  of 
the  group,  are  utilized.  If  the  other  factors  are 
determined  to  have  no  significant  effects  on  the  process 
being  i p'-'e s t i ga ted ,  then  further  experimental  time  and 
effort  need  not  be  expended.  Such  experiments,  when  the 
factor  levels  are  carefully  and  methodically  chosen,  can 
make  effective  use  of  fractional-factorial  experiments. 

4.4.3  The  Design  and  Analysis  of  Two-Level  Full  Factorial 
Expe  r imen  ts 

As  previously  described,  full  factorial  experiments 
allow  the  complete  factor  space  of  an  experiment  to  be 
covered,  and  also  to  produce  factor  effects  (main  and 
interaction  effects)  that  are  based  on  response  information 
from  every  run.  of  the  experiment.  The  main  effect  and 
interaction  effect  information  can  be  used  to  generate 
limited  response  surfaces,  or  a  linear  polynomial  equation 
that  will  allow  response  predictions  to  be  interpolated 
■•’ithin.  the  ranges  of  the  factor  space.  Thp  latter  of  these 


possibilities  will  be  our  goal  in  using  this  technique. 


At  this  point  it  is  useful  to  discuss  a  method  for 
estimating  any  curvature  that  might  exist  within  the  factor 
space  being  investigated.  That  is,  since  only  factor  values 
at  the  extremes  of  their  ranges  are  investigated  with 
2-level  factorial  experiments,  no  information  about  response 
values  in  the  interior  of  the  experimental  space  is 
provided.  Thus,  only  linear  (straight-line)  variations 
can  be  used  to  predict  the  values  of  response  within  the 
limits  of  the  factor  space.  To  perform  an  economical  check 
on  the  validity  of  such  straight-line  assumptions,  a  small 
number  of  additional  runs  with  the  factor  values  all  set  at 
their  middle  points,  should  also  be  conducted.  It  is 
usually  recommended  that  4  replicates  of  this  run  be 
conducted,  so  that  an  average  value  is  obtained.  The 
severity  of  any  curvature  present  is  estimated  by 
calculating  the  difference  between  the  average  value  of  the 
design  points  and  the  average  value  of  the  center  points 
(FIGURE  «1.22).  Unfortunately,  if  the  curvature  is  found  to 
be  severe,  the  prediction  model  derived  from  the  full- 
factorial  data  is  not  likely  to  give  accurate  results  except 
near  the  experimental  points. 

4.4.4  Guidelines  for  Designing  2-Level  Full-Factorial 
Expe  r iments 

In  this  section,  a  step-by-step  approach  to  the  design 
of  2-level  full-  factorial  experiments  is  presented.  Any 
number  of  responses  may  be  measured  for  each  set  of  factor 
values.  The  steps  of  the  method  are  as  follows  (it  is 
assumed  th.at  the  factors  to  be  investigated  have  already 

1,  The  values  of  the  limits  of  the  factors  to  be 
applied  in  the  experiment  should  first  be  determined.  These 
limits  ••■ill  identif'y  the  two  levels  of  each  factor  that  will 
be  applied  in  the  exoeriment.  The  upper  level  is  encoded  as 
(-*-),  and  the  lo’ver  le-/el  as  As  noted  earlier,  these 
levels  s  h.  o  u  1  d  be  sufficiently  separated  so  that  a 
significant  response  co  the  '/ariation  in  factor  le'vels  can 
be  clearl-/  distinguished  from  any  experimental  error. 

2.  riny  number  of  responses  can  be  measured  at  each 
experimental  point.  As  discussed  in  an  earlier  section,  the 
two-le'vel  factorial  method  will  yield  best  results  when  the 
responses  are  continuous  and  have  uniform  independent 
e  r  r  o  r  s  .  U  n  i  f  r  m  v  >;  7  r  c  a  r  e  t  h.  o  s  e  ■■■  h  i  c  (■'  b  a  “  appro  x  i  m.  a  t  e  1  y 
t !"!  e  same  m  a  uni  t  u  d  0  at  all  expe  r  i  m  e  n  t  a  .1  o  i  ^  t  s  . 
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3.  The  design  pattern,  which  specifies  the  level  of 
each  factor-for  every  trial  is  then  obtained  from  TABLE  4.2 
(which  gives  this  pattern  for  five  factors,  where  the  fifth 
factor  is  set  equal  to  the  product  of  the  previous  four). 
Such  a  Coded  Design  Table,  as  well  as  a  Decoded  version  of 
the  Design  Table  (in  which  the  (+)'s  and  (-)'s  in  the  Table 
are  replaced  with  their  actual  values)  should  be  prepared 
for  the  experiment  file  as  illustrated,  by  our  Decoded 
Design  Table,  in  TABLE  4.3. 

4.  The  order  of  running  the  trials  should  be 
randomized.  Randomization  reduces  bias  error.  A  new 
order  should  be  selected  each  time  a  complete  set  of  runs  is 
replicated.  Persons  performing  the  experiment  need  to 
understand  that  runs  must  be  conducted  in  the  randomized 
order  specified. 

5.  The  number  of  necessary  replicates  should  next  be 
determined.  The  hidden  replication  of  full-factorial 
experiments  assists  in  reducing  the  variance  of  the  average 
measured  values,  by  effectively  increasing  the  number  of 
measurements  used  to  calculate  the  mean.  However,  it  must 
be  determined  if  any  additional  direct  replication  is  needed 
to  estimate  the  variance  of  the  random  error,  and  to  thus 
satisfy  the  confidence  level  requirements  when  deciding  to 
identify  a  factor  effect  as  being  significant  or  not.  If 
the  experiment  in  question  has  3  factors  (8  runs  for  a  full- 
factorial^,  and  detection  of  significant  factors  greater 
than  2  sigma  is  acceptable,  two  full  factorial  groups 
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number  of  runs  in  an  experiment,  an  additional  group  of  runs 
can  be  added  at  a  middle  value  for  all  factors.  Four 
replicated  runs  with  factor  values  set  at  their  midpoints 
are  suggested  to  increase  the  precision  of  middle  point 
me  a  su  r  emw’ n  t  .  The  degree  of  curvature  can  be  estimated  by 
the  difference  between  the  average  of  the  measured  response 
at  the  nuddle  points  and  the  average  of  all  the  other 
experimental  points.  If  this  turns  out  to  show  that  the 
curvature  is  severe,  the  prediction  model  generated  from  the 
full-factorial  is  likely  to  be  quite  inaccurate  except  near 
the  design  points  (FIGURE  4.22). 

7.  The  experiment  is  then  conducted  and  the  responses 
1  r  e  a  ^  h  '■  ij  n  a  r  c  r  e  c  o  r  d  e  d  . 
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4.4.5  The  Analysis  of  the  Measured  Data 

1.  The  factor  effects  are  first  computed  from  response 
data  in  the  following  manner: 

a)  Create  a  Computation  Table  ( CT ) .  To  assist  in 
tabulating  the  analysis,  use  the  design  from  TABLE  4.2. 

b)  List  the  averages  of  the  replicate  runs  in  a 
column  at  the  right  of  the  CT  labeled  (0).  (Follow  the  run 
order  listed  at  the  left  of  the  CT,  and  not  the  random  run 
o  rde  r  .  ) 

cl  Total  the  values  of  the  run  averages  for  the 
lines  that  have  a  "+"  sign  for  each  column.  Put  this  total 
under  the  correct  column  of  the  line  SUM  +. 

d)  Repeat  the  process  for  the  lines  with  signs. 

Enter  their  totals  under  the  appropriate  columns  in  the  line 
called  SUM  -. 

e)  Add  the  values  of  SUM  +  and  SUM  -.  Enter  the 
total  on  the  line  OVERALL  SUM.  This  step  is  a  check.  The 
value  of  the  OVERALL  SUM  should  be  identical  for  all 
columns . 

f)  Subtract  SUM  +  from  SUM  -.  Place  the  difference 
on  the  line  called  DIFFERENCE. 

Finally,  divide  the  difference  by  the  number  of  + 
signs  in  that  column,  and  enter  on  the  line  EFFECT.  This 
numbe  r  is  a  main  effect,  or  interaction  effect  (depending  on 
the  particular  column).  For  column  one,  the  result  on  the 
EFFECT  line  is  the  average  of  the  responses  of  all  the 
experimental  points. 

2.  The  curvature  is  then  calculated.  This  is  done  by: 

a)  Com.puting  the  average  value  of  responses  of  the 

runs  carried  out  •.-.'ith  all  the  factors  set  at  their  middle 
values  'a'/erage  value  of  center  points). 

b'  Then  comouting  the  difference  between 

'1'  the  average  of  the  responses  all  the 
experimental  points  and 

^2'  the  average  value  of  the  center  points.  This 
difference  is  entered  on  the  CURVATURE  line  of  the  CT 

3.  The  significance  of  the  m.£‘.in  effects,  interaction 

effects,  and  "rurvature  are  then  determined.  That  is  if  any  of 
the  computed  main  factors  or  interaction  effects  is  found  to 
be  larger  than  a  minimum  significant  factor  effect,  MSF 
'■■■hich  ■■■'ill  demonstrate  how  to  calculate)  ,  it  can  be 

concluded  that  the  effect  is  indeed  non-cero.  On  the  other 
hand,  if  th.e  value  is  smaller,  it  is  likely  that  no 
significant  effect  exists,  and  the  variation  in  experimental 
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response  tor  that  effect  is  just  due  to  experimental  error 
fluctuations.  By  the  same  token,  if  the  curvature  is  greater 
than  the  minimum  significant  curvature,  MSC,  it  can  be 
concluded  that  at  least  one  response  has  non-zero  curvature 
associated  with  it.  The  MSF  and  MSC  are  computed  from 
EQUATION  4.11: 

MSF  =  p*Spooled*(2,(r*k))**0.5  (4.11) 

and  EQUATION  4.12 

MSC  =  o^Spooled* [ ( l/( r*k ) )  +  (l/c)]**0.5  (4.12) 

where:  p  is  the  value  of  the  t-distr ibution  at  the  desired 

probability  level  (1-alpha)  for  the  number  of  degrees  of 
freedom  used  to  calculate  the  standard  deviation  (S); 
Spooled  is  the  pooled  standard  deviation  of  a  single 
response;  r  is  the  number  of  +  signs  in  the  column  (note 
that  the  main  and  interaction  effect  columns  have  2**(q-l)  + 
signs,  •■.•here  q  is  the  number  of  factors  in  the  experiment); 
k  is  the  number  o£  replicates  of  each  trial;  and  c  is  the 
number  trials  conducted  with  factors  set  at  middle  value. 

‘let"'  that  the  number  of  degrees  of  freedom,  d.f.,  is 
d  e  t  e  r  m  i  n '?  d  (r  v  E QU AT  I  ON  1.13: 

d.f.  =  n  -  'number  of  main  effects  +  number  of 

.i  n.  t  e  r  a  c  t  .i. ':n  effects'  -  1  (for  calculating  the  average)  -  1 
'  f  c  r  c  a  1  '■  u  1  a  t  i  m  c  u  r  v  a  t  u  r  e  )  (4.13) 

•••.•he'. n  is  the  total  number  of  runs  in  the  experiment. 

if  a  3-factor  experiment  was  designed  to  be 

reel:  car -T  f  'ic'''  '  If  runs)  and  to  have  an  additional  four 

center  rernt  runs,  a  total  of  20  runs  would  constitute  the 

e  xoe  r  1  m*^- '1  .  There  ■•.'ould  be  11  degrees  of  freedom  available 
f  ■' r  1  "'u  1  a  t  i  ng  .A,  •“  in.ee  3  '.•/ould  be  used  to  calculate  the 

main  ■"££•'  ^  to,  ■  tf'ie  interaction,  effects,  and  one  each 

for  fhn  o  ,  q  C-.  .--r  hho  lesponses  and  average  of  the 

n  >-  .-a  •;  •-  •  ■,  r-i  *-  ’  'd  f  n  C  . 

’■  .  H  ra  rj  1  ^  o  r  f  ^  Q  p  9  f  f  9  C  t  S  L' 0  COrn.pdL'^d  with 

'  t-n.,-. r,  -  u ,  }, araer  -n  r  °  concluded  to  be 

-■'jn’  ^  i-  _  t- ij  r  o  effect  is  compared  ■■/ith  MSC,  and 

i.  f  '  ^  i  a  r  h  n  i  e  s  p  n  s  <=  is  a  c );  n.  o  1  e  d  a  e  d  as  !i  a  v  i  n  g 

o  ■  q  n  •  I;  ;  -  -1  .a  t  m  •  ■’thin  thn  factor  .space  l^'eino  studied. 

^  \  h  1  _  i  •-  'nr  f  n  m  F  n  o  rj  n  a  t  i  m  n  ,  that 


factors  within  the  factor  space,  from  the  data  of  the 
factorial  experiment,  can  then  be  formulated.  The  equation 
is  of  the  form  EQUATION  4.14: 

YPR  =  AO  +  Al*Xl  +  a2*X2  +  ...  +  An*An  +  A12*A1*A2  +  ... 

..  +  Aq-1 , q*Xq-l *Xq  +  higher  order  interactions  (4.14) 

where:  YPR  is  the  predicted  response;  q  is  the  number  of 

factors;  AO  =  Y;  Aj  =  0.5*(factor  effect  for  x j ) ;  ajj  - 
0.5*( factor  effect  for  xj*xj);  and:  Xj  =  [(factor  level  at 
the  experimental  point)  -  0.5*(high  +  low  factor  level)]/ 
0.5*(high  -  low  factor  levels) 

4.4.6  The  Design  and  Analysis  of  Screening  Experiments 

In  many  processes  it  is  possible  to  identify  a  variety 
of  factors  that  may  impact  the  process  responses.  The 
number  of  runs  necessary  to  perform  a  2-level  full-factorial 
experiment  v/ith  k  factors  is  2**k,  and  for  more  than  about  4 
factors,  this  number  may  become  excessive.  in  such  cases,  a 
more  effective  strategy  than  conducting  full-factorial 
experiment  would  be  to  carry  out  a  less  extensive  experiment 
designed  to  identify  the  most  important  factors,  and  then 
perform  the  f ul 1- factor ial  experiment  using  only  these. 
Such  preliminary  experiments  that  eliminate  unimportant 
factors  are  called  screening  experiments,  and  can 
substantially  reduce  the  number  of  runs  that  must  be  used  to 
separate  out  significant  factors.  Such  screening 
experiments  are  stiil  based  on  the  principles  which  underlie 
f ul 1 - f a c t o r i a  1  experiments  (e.g.  hidden-replication  and 
full  coverage  of  the  experimental  space),  but  use  a  smaller 
num.be  r  of  runs  for  a  given  number  of  factors. 

The'-?  is  a  price  that  is  paid  for  the  reduced  number  of 
runs.  when  the  results  from  analysis  of  the  Computation 
Table  are  calculated,  the  values  obtained  no  longer 
necessarily  contain  information  about  a  single  main  or 
interaction  effect,  but  instead  contain  information  from  two 
or  more  effects.  This  is  known  as  confounding.  For 
example,  if  a  screening  experiment  was  performed  with  three 
factors  and  only  four  runs  were  conducted  (instead  of  the  8 
iieeded  for  a  full-factorial  experiment),  the  value 
oalculate^i  in  '^ach  of  the  EFFECT  rows  would  no  longer  result 
*^rom  a  sinale  main  '^’ffect  or  interaction  effect,  but  w'ould 
have  contained  resoonse  information  from  a  main  effect  and 
an  intera~tion  effe'~t.  Such  confounding  is  due  to  the  fact 
that  th'  same  factor  ler'el  combination  is  u.sed  to  produce 

^  h  ^  f  ^  f  f  ^  ^  ^  f  ^  ^  ^  ^  ^  ^  ^  P  ^  j  Q  factor  01* 

1  t-  :'!3  f'  -g  •  1  f  n  g  ''  '•  i  ^ 

~  n 


As  the  fraction  of  the  total  number  of  runs  compared  to 
the  number  required  for  a  full-factorial  experiment  gets 
smaller,  the  larger  the  number  of  effects  that  are 
confounded.  That  is,  if  half  the  number  of  runs  is  conducted 
(and  in  •■/hich  the  experiment  is  known  as  a  half-factorial), 
each  EFFECT  value  confounds  only  two  effects,  while  each 
EFFECT  value  in  an  experiment  with  only  one-fourth  the 
number  of  runs  confounds  four  effects.  The  reason  that  such 
confounding  is  generally  tolerable  is  that  interactions 
involving  three  or  more  factors  (higher  order  interactions), 
are  almost  always  less  important  than  main  or  two-factor 
interactions.  Thus,  by  properly  designing  a  screening 
experiment  such,  that  each  main  effect  (and  if  possible,  each 
two-factor  effect)  is  confounded  only  with  effects  due  to 
higher  order  interactions  (i.e.  by  being  careful  that  two 
main  effects  do  not  confound  each  other),  it  is  still  highly 
probable  that  the  most  important  main  and  two-factor 
interaction  effects  will  be  found. 

Here  is  a  rough  guideline  for  obtaining  the  most 
informati'-n  from  the  least  number  of  screening  experiment 
runs,  while  paying  the  least  penalty  (in  the  form  of  losing 
kev  inform.ation  from,  confounding  effects): 

a'  For  screening  experiments  containing  5  factors,  use  a 
16  run  experiment  ( hal f - f ac to r i a  1  of  a  5-factor  full- 
factorial  experiment),  and  take  the  product  of  the  coded 
values  ' and  -)  of  the  first  four  factors  (for  the  first 
16  runs  of  a  5-factor  f u 1 1- facto r ial  table),  and  assign  the 
resulting  product  level  to  the  fifth  factor  (  i.e.  this 
product  value  will  be  either  or  "-").  Using  this  design, 

the  m.ain  effect  cf  the  fifth  factor  would  be  the  same  as  the 

f  cur-wav  interaction,  and  thus  the  m.ain  effects  are 
confounded  ■■.‘ith  the  four-'rav  interaction.  In  addition,  the 
-•■-•c-way  te  r  a.  0  t  i  eT' a  will  be  confounded  w-ith  three-way 
i  n  t.  9  ?  c  c.  i  ’."i  s  ; 

b'  F e v  ccreening  oxoeriments  of  6  to  8  factors,  a  16  run 
0  P  e  r  1  m  e  n  r  can.  ,3 1  i  1 1  lie  used  in  v.’  .h  i  c  h  the  main  effects  are 
all  0  0  n,  f  u  n.  d  e  ith  third  and  i  o  h  e  r  order  interactions,  and 
the  t  ■■■  o  -  f  a  0 1  o  r  interactions  a  r  o  i  t  ;i_  s  e  confounded  only 
i  t  h  s  ri  o  h  i  rt  *’!  0  r  order  interactions  (71. 

-  .  i  .  ^  T  *■'  e  u  a  t  r  i  X  .k  p  p  1  i  e  d  t  ^  d  u  m  u  1  a  t  i  e  Percent  Fails  and 

C  n.  a  r  v  ^  a  a  c  c  i  e  ci 

T  •-  .  -  n  e  o  3  r;  ,3  I  ■  •  h  this  tim°  t  explain  some  thina.5 

about  specific  matri.x  and  its  factors-  Due  to  the  lack 


of  time  and  equipment,  it  was  necessary  to  design  the  test 
so  that  a  statistically  valid  number  of  fails  in  time  would 
occur,  while  keeping  that  time  as  short  as  possible.  In 
order  to  do  this,  the  current  density  had  to  be  increased. 
However,  such  a  wide  distribution  of  fails  in  time  existed 
that  there  was  no  way  to  obtain  data  for  every  cell  for  any 
common  time  to  a  certain  percentage  of  fails.  It  was  for 
the  following  two  reasons  that  we  decided  to  drop  time  as  a 
factor:  1'  There  was  too  much  of  an  error  in  failure 
distributions  to  even  consider  only  total  fails  in  time  and, 
2)  It  has  been  reported  that  the  injected  charge  (i.e. 
current  multiplied  with  time  of  injection)  is  the  important 
factor  and  this  renders  time  no  longer  an  independent 
variable  . 


What  we  did  was  look  at  the  cumulative  percent  fails  at 
one  second.  This  data  was  common  to  all  cells  in  the  test 
matrix,  and  also  eliminated  time  as  a  matrix  factor  because 
even  if  a  cell  was  stressed  to  sixty  seconds,  it  would  have 
the  same  characteristics  at  one  second.  This  enabled  us  to 
use  the  matrix  as  a  full-factorial  matrix,  thereby  reducing 
the  amount  of  confounding. 

As  explained  earlier,  in  order  to  remain  consistent,  we 
examined  the  charge  trapping  characteristics  at  one  second 
after  stress  also.  This  brought  about  a  need  to  fur the r 
reduce  our  matrix  and  split  it  into  two  separate  3  factor 
fullfactorial  m.at  rices:  one  for  the  fifty  angstrom 

thickness,  and  one  for  the  two-hundred  angstrom  thicknesses. 
This  was  done  because  the  trapping  mechanisms  for  the  two 
thicknesses  are  completely  different  at  one  second?  one  is 
tr  ape  in  a  i?ositi'.'o  ''■barges,  and  the  other  is  trappino 
n  e  q  a  t  i  e  c  h  a  r  n  “  s  . 

4.4.8  -Analysis  of  Cumulative  Percent  Fails  in  Time  as  an 
Ou  tpu  t 

Usi-^wT  the  method  of  analysis  outlined  in  section  4.4.5, 
we  can  deriv'^  the  equation  to  relate  the  cumulative  percent 
fails  at  one  second  to  the  stressing  factors  in  the  matrix. 
TABLE  ■  rs  the  ■'■"''mpu ta t i on  ^able  for  this  analysis.  The 

average  values  obtained  from  the  cumulative  percent  fail 
plots  for  each  cell  is  shown  to  the  rioht  of  the  table.  For 
^•ow'mn,  ^he  s’ini  of  all  the  ''■ri  touts  O''' r  r  e  scond  i  no  to  a 
sigu  in  that  column  have  been  tabulated  and  placed  on 
the  line  marked  ?ur!  +.  This  was  repeated  for  the 

0  o  r  r  e  s  po  u  ,1  i  n  Q  siqna  and  tti.os“  ''aluon  •••“re  placed  in  SUH 

—  .  ■■  ''■'•’oo''  ,  ‘r  h  o  "a  lues  f^'  inn  onn  —  •.:aro  id  ded 
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together  for  each  column  and  placed  on  the  line  indicated  as 
TOTAL.  As  can  be  seen  from  the  table,  these  quantities  were 
found  to  be  identical  for  all  columns.  SUM  -  was  then 
subtracted  from  SUM  +  and  this  value  is  indicated  in  each 
column  on  the  line  marked  DIFFERENCE.  Finally,  the 
difference  is  divided  by  the  number  of  "+"  signs  in  each 
column  and  placed  on  the  line  marked  EFFECT. 

The  next  step  is  to  determine  which  of  these  effects 
are  significant  and  which  ones  are  in  the  "noise"  level  due 
to  experimental  error.  Using  equation  4.11  from  section 
4.4.5,  the  MSF  could  then  be  calculated.  The  value  for  p 
was  obtained  from  The  CRC  Standard  Mathematical  Tables  using 
the  number  of  degrees  of  freedom  for  our  experiment  (34  -  15 
-  1  -  1  =  17),  and  the  expected  accuracy  of  0.95  (ie.,  95% 
with  two  replications  for  each  cell  and  two  replications  for 
the  center  point).  TABLE  4.5  below  shows  the  numbers  used 
in  the  calculation  and  the  resulting  MSF. 


I  I  I  (q-1)  I  I  0.5  I 

Id.f.l  p  ISpooledIr  =  2  | k | 1 . 7 4  *  4 3 . 9* ( 2/( 8  *  2  ) )  | 


II  I  13  j  I 

I  17  11.7401  43.9  I  2  =8  |2127.1=  MSF 


TABLE  4.3  VALUES  USED  IN  CALCULATING  THE  MSF 


This  indicated  that  any  effect  found  to  have  a 
magnitude  less  than  27.1  could  be  considered  to  be  in  the 
"noise"  level,  and  any  effect  which  had  a  magnitude  larger 
than  27.1  could  bo  considered  to  have  a  non-trivial  effect 
and  thus  would  be  considered  in  the  derivation  of  the 
equation  relating  the  stressing  factors  to  the 
time-dependent  dielectric  breakdown  ( TDDB ) .  Upon  comparing 
the  calculated  MSF  with  the  factor  effects  from  the 
Computation  Table,  it  is  obvious  that  only  one  factor  can  be 
considered  to  have  a  non-zero  effect  on  the  data,  and  that 
is  the  current  for  equivalently  the  amount  of  injected 
charge  density  after  1  second  of  stress).  It  is  important 
to  note  that  this  does  not  mean  that  the  other  factors  have 
no  effc''t  whatsoever.  Higher  tem.oerature  shows  a 
relationship  to  a  higher  percentaqe  of  failures.  However, 
due  to  the  overpowering  effect  of  such  a  high  current 
density  on  the  TDDB  data,  it  becomes  the  only  significant 
effect.  0  z.  i  d  e  t  h  r  c  t.  n  e  s  s  is  also  ■  ■■  e  r  'y  important  in  TDDB, 


but  at  the  time  used  for  evaluation  (1  second)  no 
significant  effect  was  observed. 

The  equation  relating  current  to  the  cumulative  percent 
fails  at  1  second  can  be  derived  using  the  method  described 
earlier.  From  section  4.4.5, 

Cumulative  %  Fails  @  1  second 

AI*(I(uA)  +  3  50  ) /1 50  (  4.14  ) 


where , 


hi  =  0.5*CURRENT  EFFECT  =  0.5*31.6  =  15.8 


SO  that  one  obtains  EQUATION  4.15; 

Cumulative  %  Fails  @  1  second  =  -15.8* 

(KuA)  +  350  )/150  (  4.15  ). 

The  HSC  was  found  from  equation  (4.12)  to  be  55.9  and  the 
curvature  was  determined  to  be  26.4.  This  would  seem  to 
indicate  that  no  significant  curvature  exists,  however,  care 
should  be  used  in  interpreting  this  since  the  points  we  used 
as  cente ’-'points  are  not  actually  centerpoints.  For 

instance,  IQO  Angs.  is  not  in  the  center  of  50  and  200 
Angs.,  so  that  curvature  may  exist  where  none  is  predicted. 

4.4.9  Analysis  of  Charge  Trapping  Properties  using  Nt  and  G 
as  Outputs 

Section  4.3  explained  the  method  of  analysis  used  to 
determine  Mt  and  G,  therefore,  we  will  avoid  any  redundancy 
and  present  only  the  results  as  determined  using  the 
dadamard  matrix.  ’^irst,  we  will  oresent  the  results  for  the 
50  Angs.  oxides  (both  Nt  and  G),  then  we  ’.v-ill  present  the 
findings  for  the  200  Angs.  oxides  in  the  same  manner. 

Usim  the  method  of  section  4.4.5.  and  in  the  same  way 
as  was  done  for  the  TDDB  analysis,  TABLE  4.6  was  generated. 
TABLE  J  . A  shcv/s  t'"’-  results  tabulated  for  Mt  and  T.ABLE  4.6 
3  shc'vs  t’r e  resu’  rs  tabulated  for  G  both  of  which  are  for 
the  50  .Anas.  oxides.  In  order  to  determine  the  minimum 
significant  factor  'i-ffect,  we  calculated  the  pooled  standard 
d  e i  a  t  i  o  m  and  r  e  s  ’  i '  o  i  n  o  f  1 S  F  '  s  to  be. 

Spooled^  fo'.  ’It'  =  i.89  =  =  =  =  =  ===  =  =  =  =  =  ='  riSP'  =  J.  .61 
Spoml.ed'for  G'  =  1  .  5  ==  =  =  ===  =  =  ===  =  =  n  USF  =  1.26 
so  that  oo’uld  tho'-n  eliminate  the  insignificant  factors. 
Referc’ea  T.Aprp;  i  . A,  it  i.s  obvious  th^et  the  significant 
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factors  for  Mt  are:  current,  and  temperature.  From  TABLE 
4.6  B,  the  significant  factors  for  G  are:  current, 

temperature,  and  the  interaction  between  the  two.  From 
these  results  and  the  method  discussed  previously,  the 
equations  relating  the  factors  to  the  responses  were 
derived.  For  the  density  of  trapped  charge  the  equation  was 

found  to  he  EQUATION  4.16, 

Mt ( XlOEll/cm2 )  =  2.1  -  1.4*(I(uA)  +  350)/150 
+  1.0*(T(C)  -  77.5)/47.5  (4.16) 

and  regarding  the  trap  generation  probability  the  equation 
was  found  to  be  EQUATION  4.17, 


G(Xl0E-08  electron)  =  5.3  -  1.6*(I(uA)  +  350)/150 
+  2.5  +  (T(C)  -  77.5  )/47.5  -  0 . 7  * (  ( I ( uA )  +  350)/150) 
^(T'C)  -  77.5)/47.5  (4.17) 

These  are  consistent  with  the  results  as  discussed 
previously  in  section  4.3.  The  results  for  the  200  Angs. 
oxides  are  presented  next. 


The  method  is  repeated  for  the  200  Angs.  oxides  with 
the  Computation  tables  for  Mt  and  G  shown  in  TABLES  4.7  A 
and  B.  The  pooled  standard  deviations  and  resulting  MSF's 
were  found  to  be, 

Spooled(foi  Mt'  =  0.73  ==============>  nSF  =  0.64 

Spooled(fcr  G)  =  1.88  ==============>  nsF  =  1.64 

so  that  the  significant  factors  were  identified  and  all 
other  fo’-rtors  were  eliminated.  From  the  Computation  tables 
it  was  ("ie  t  e  rmi  ned  that  the  significant  factors  related  to  Mt 
were  ;  current  and  temperature,  and  that  the  only 
significant  factor  related  to  G  was:  temperature.  Again 

using  tire  method  for  deriving  the  equations  relating  the 
factors  to  the  responses,  the  equations  were  derived.  For 
the  density  of  trapped  charge  the  equation  was  determined  to 
be  EQUATIOil  -I  .18: 

Nti'XlOEll  cm2'  =  l.B  -  0  .  7  d  (  I  (  uA )  +350  )  150  +  0.59-^(T(C) 

(4.18) 

and  for  tho  trap  generation  probairilitv  ^'.he  equation  v;as 
determined  to  be  EQUATION  4.19, 

G  (  X I  0  E  -  '  e  .1  e  c  t  r  n  '  =  5.3  +  1  .  7  ■'■  (  T  (  C  '  —  77.5)  47.5  (4.19) 


aHEUIKnCN  TPRr.FS  FCK  EPOCR  EFFECTS  FEIAIED  TO  OWH:  IRftPPINj  FCF  200  iW3.  CKIEES 
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4.4.10  Summai'y  of  Statistical  Results 

We  found  that  in  analyzing  the  cumulative  percent  fails 
at  1  second,  only  the  current  was  significant.  Although 
temperature  does  decrease  the  time  to  fail,  the  factor 
effect  associated  with  it  is  insignificant.  This  is  believed 
to  be  due  to  such  a  large  current  density  used  in  the 
testing.  The  current  density  is  probably  masking  any  other 
effects  which  might  have  been  observed  at  lower  current 
densities,  because  it  is  actually  "blasting"  the  oxide  with 
electrons. 

In  reference  to  charge  trapping,  we  found  that  both 
thicknesses  trap  holes  initially  and  eventually  trap 
electrons.  flov/ever,  due  to  the  difference  in  trap 
saturatioti  times,  we  observe  different  polarities  of  trapped 
charge  at  1  second.  Therefore,  we  needed  to  split  the 
matrix  into  two  f ul  1- facto r ial  matrices  v;ith  three  factors 
each  . 

The  30  Angs .  oxides  showed  densities  of  trapped  charge 
on  the  order  of  ~  lOEil  sg.  cm,  or  trap  generation  rates  on 
the  order  of  ''  1 0  *  - -08  .  e  lect  ron  .  Also,  both  temperature  and 
the  amount  of  injected  charge  density  are  first  order 
effects.  With  an  increase  in  both  of  these  factors  comes  a 
corresponding  increase  in  both  responses.  This  was 
illustrated  earlier  in  FIGURES  4.16  and  4.17. 

The  ZOO  .Angs.  oxides  had  densities  of  trapped  charge 
about  10a  higher  than  the  50  Angs.  oxides  ( "  lOElZ/sq.  cm, 
positive  oolaritv',  ''■r  trap  oeneration  rates  on  the  order  of 
"lOE-0'  'ais^''  about  10. A  higher  than  the  50  Angs.  oxides). 

Iniected  oh,  a  roe  den-sitv  and  temperature  also  were  first 
order  factors  in  tire  determination  of  the  responses,  but 
temperature  appears  to  play  a  more  i.mportant  role  than  in 
the  30  .F'  jS.  oxides.  In  fact,  it  appeared  to  be  of  higher 
impertanr-o  rneTi  the  injected  charge  density.  It  could  be 
possible  that  the  liigh  current  density  is  causing  some 
d e  t  r  a r D i n ri  of  p o s  i  1 1 e  c h a r u e  in  this  thickness  which  makes 
“  e m c e  r  a  L ' ’  r  r-  3 .7  o m  c  o  'o e  a  more  d o m i n a n  t  factor,  ho o •/ e  r  ,  this 
wouid  need  to  be  studied  further  to  determine  physically 
H  \  ,*3  ^  J  i  n  'I?  . 


5.0  PHYSICAL  ANALYSIS 


The  following  sections  describe  sample  preparation, 
results  and  conclusions  of  the  physical  characterization 
performed  on  each  cell  with  a  scanning  and  transmission 
electron  microscope. 

Following  all  electrical  testing,  a  wafer  from  each 
cell  was  delivered  for  physical  characterization.  Each  cell 
(wafer)  was  cleaved  parallel  to  the  wafer  flat.  One  half  of 
the  wafer  was  used  for  TEM  and  the  other  for  SEM 
characterization. 

5.1  ELECTRON  BEAM  INDUCED  CURRENT  ANALYSIS 

Electron  signal  current  with  negative  bias  (EBIC)  was 
used  in  an  attempt  to  image  areas  on  the  capacitors  drawing 
hi gh  cu  r  r ent . 

5.1.1  Introduction 

The  electron-beam- induced  current  technique  is  one  of 
several  techniques  which  can  be  used  to  localize  defects  in 
nos  capacitor  structures.  This  technique  makes  use  of  a 
rastered  and  focused  electron  beam  striking  the  surface  of 
the  sample  while  monitoring  the  substrate  current.  This 
substrate  current  is  used  to  control  the  video  image  being 
displayed.  An  external  bias  can  be  used  to  enhance  this 
image  and  photographic  records  can  be  made  of  the  EBIC 
image,  recording  dark  and  bright  spot  locations  on  the 
structure  under  inspection  [19). 

In  this  analysis,  a  scanning  Auger  microscope 
' ?e r k i n- E 1  me r  PHI  600)  was  used  in  an  electron  microscope 
m.ode .  This  system  was  used  only  because  of  the  availability 
of  the  sam.ple  current  preamplifier  attached  to  this  system. 
The  sam.ples  were  mounted  on  a  miniature  probe  station 
^Ernest  ".  Fullam  Mo.  18154)  and  then  attached  to  a 
modified  sample  mounting  stub,  enabling  biasing  of  the 
structures  from,  the  external  vacuum  chamber.  A  battery  and 
a  simple  voltage  divider  circuit  was  used  to  apply  bias  to 
the  structures.  See  FIGURE  5.1  for  an  illustration  of  the 
t  e  c  h  n  i  a  ’j  e  . 

5.1.2  Analysis 

EacH  sample  us^'d  for  tHe  EBIC  anal  vs  is  •■/a  s  broken  apart 
from  1- u  ■  ■•.■af?r  and  subie'~'‘oM  f- ^  metal  etch.  .A 


concentrated  solution  of  KOH  was  used  at  room  temperature 
for  approximately  5  minutes.  After  the  metal  was  removed 
the  samples  were  mounted  on  the  probe  station,  as  described 
above,  inspected  with  both  a  secondary  image  and  an  EBIC 
image  and  then  the  findings  were  recorded.  The  secondary 
image  was  used  primarily  to  locate  and  position  the 
capacitor  unde  r  the  ras te  r ed  electron  beam  and  then  the 
instrument  was  switched  to  the  EBIC  image.  With  the  EBIC 
image  selected,  the  voltage  across  the  capacitor  structure 
was  varied  from  OV  to  the  peak  battery  voltage, 
approximately  9V.  The  voltage,  at  which  a  contrast  change 
was  identified,  was  recorded  and  the  location  of  the 
contrast  change  defect  was  also  recorded. 

While  performing  the  analysis,  the  electron  beam 
accelerating  voltage  and  spot  size  were  varied  along  with 
the  bias  across  the  capacitor.  Best  results  were  obtained 
with  10-15KV  accelerating  potential  rather  than  5-lOKV. 
Larger  beam  spot  sices  and  higher  bias  voltages  across  the 
capacitors  were  also  found  to  improve  resolution  of  the  EBIC 
technique.  Mo  significant  advantages  were  found  with 
changes  in  the  incident  beam  angle  or  the  working  distance. 
TABLE  5.1  lists  the  instrument  parameters  used. 


'Accelerating  voltage  3-15KV 

Electron  Beam  Spot  Size  1000  Ang . 

'  nagn i f i ca t i on  "3, 0  0 OX 

'Incident  Beam  Angle  0-30  degrees 

/’ o  r  k  i  n  o  D  j  s  t  a  n  c e  10  —  12  mm 


TABLE  '.1  I  ns  t  rum.en  t  Parameters 


5.1.3  0  b  s  r a  t  i  o  n  3 

Def'^^.'ts  ■■.'er'^'  '?niv  found  wh<^n  tho  capacitor  v;as  biased 
■■■  it!"!  t  b  a  t  ^  0  o  ’  r  c  u  i  t .  Cells  1  ^  and  10  were  e .  a  m  i  n  e  d 

u  s  i  n u  c n  J.  t  f i e  1  o  r  o n  li e a m  as  't  ri  r  v e ii  t  sou  r  c e  and  no 

'.'isual  ’'ontrast  changes  defects  were  found.  Examination  of 
other  s  *■  r  ’ '  0 1  u  r'  c  s  from.  these  cells  b  n  1 1  n  d  o  n  t  r  a  s  t 

ohanaes  wh'.  n  using  tho  batterv  liias  circuit.  See 

T  R  r_  r  ^  1 ’1  !  "  .  '  t  ■’  a  .ci.im'Tiarr'  F  rh<->  b  9  o  r  a  t  i  o  n  ,s  and 
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"TABLE  5.2  THIN  OXIDE  EBIC  OBSERVATIONS 


OBS. 

50ANG.  OX. 

>200ANG 

(%) 

(%) 

DF-C 

33 

13 

DF-NE 

21 

33 

DF-E 

4 

21 

NVD 

42 

33 

total 

1001 

100% 

TABLE  5.3  EBIC  OBSERVATION  SUMMARY 
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FIGURE  5.2 


PHOTO  1  CELL  4  WAFER  27 

SECONDARY  ELECTRON  IMAGE 
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figure  5.4 


PHOTO  3  CELL  3  WAFER  37 

SECONDARY  ELECTRON  IMAGE 


87 


89 


FIGURE  5.7 


PHOTO  6  CELL  5  WAFER  1 

SECONDARY  ELECTRON  IMAGE 
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FIGURE  5.8 

PHOTO  7  CELL  1  WAFER  23 

SECONDARY  ELECTRON  IMAGE 
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FIGURE  5.9 


PHOTO  8  CELL  1  WAFER  23 
SAMPLE  CURRENT  (EBIC)  IMAGE 


photos  1-8  (FIGURES  5. 2-5. 9)  showing  the  secondary  electron 
image  and  the  EBIC  image. 

The  defects  found  were  classified  into  three  groups. 
One  group  of  defects  were  away  from  the  edge  and  labeled  as 
center  defects.  The  second  group  were  defects  which  were 
localized  to  near  the  edge  of  the  capacitor  and  were 
approximately  1  to  3  microns  away  from  the  edge.  The  third 
group  were  defects  which  were  located  at  the  edge  of  the 
active  area  of  the  capacitor. 

5.1.4  Results  and  Discussions  (Signal  Current) 

The  signal  current  (EBIC)  data  showed  that  the  oxides 
on  the  order  of  50  Angstroms  thick,  took  higher  negative 
bias  voltages  to  produce  a  signal  current  image  and  the 
thicker  oxides,  in  general,  tended  to  show  a  lower  signal 
current  "turn-on"  voltage;  thus  possibly  indicating  more 
latent  defects;  as  for  example  in  two  samples  from  cell  10 
where  the  signal  current  "turn-on"  voltage  was  1.26  volts 
and  1.79  volts  for  two  of  the  samples  with  oxide  thicknesses 
on  the  order  of  50  Angstroms  and  a  "turn-on"  voltage  of  0.50 
volts  for  a  sample  from  cell  1  with  an  oxide  thickness  on 
the  order  of  250  Angstroms.  It  is  thought  that  a  higher 
"turn-on"  voltage  may  indicate  a  stronger  oxide;  however, 
"turn-on"  voltage  may  also  be  a  function  of  the  quality  of 
the  contact  to  the  sample  under  test  through  the 
experimental  set-up  using  the  small  probe  station  and  each 
time  the  small  probe  station  was  used,  the  contact 
resistance  may  have  been  different. 

Tne  signal  current  data  seems  to  indicate  that  latent 
defects  in  the  oxides  can  be  imaged  using  this  technique; 
with  mcr°  v/o  r  k  ,  the  technique  could  be  refined  and  more 
information  gained. 

One  general  trend  was  that  signal  current  detection  in 
the  50  Angstrom  oxides  tended  to  occur  in  random  areas; 
while  signal  current  detection  in  the  thicker  oxides  tended 
to  occur  at  the  edges  of  the  capacitors. 

Several  ideas  as  to  what  the  "whole-plate-contrast" 
detection  indicated  have  been  discussed  within  the  group. 
It  v;as  suggested  that  "v/hole-plate-  contrast"  might  occur 
because  of  Al  from  the  metallization  changing  the 
resistivity  of  the  polysilicon  top  electrodes  of  the 
capacitors  by  diffusion  into  the  polysilicon  when  shorts 
caused  heating  of  the  metallization;  howeve r,  it  seems  that 
the  " wh^ 1 e -pi a te-con t r a s t "  is  too  even  and  i f  Al  did  diffuse 


into  the  polysilicon,  localized  areas  would  show  a  signal 
current . 

5.2  OXIDE/Si  SURFACE  MORPHOLOGY  EXAMINATION  BY  TEM 
MICROSCOPY 

The  TEM  replica  technique  was  used  to  image  the  surface 
of  the  oxides  and  some  of  the  silicon  substrates  in  an 
attempt  to  gain  information  on  defects  in  the  oxides. 

5.2.1  Introduction 

The  use  of  two-stage  carbon  replicas  is  a  convenient 
method  for  observing  detailed  surface  morphology  with  a 
transmission  electron  microscope.  Replication  is  an 
alternative  to  cross-sectional  and  planar  material  samples. 

The  decision  to  use  this  technique  was  based  on 
successful  results  of  earlier  data  of  replication  of  thin 
oxide  surfaces  that  had  been  stressed  using  a  ramped 
voltage.  Results  of  experiments  involving  the  vitrification 
of  oxides  also  indicated  that  the  technique  is  useful  for 
elucidating  fine  surface  morphology. 

Briefly,  the  technique  involves  application  of  a  highly 
conformal  acetate  film  to  the  surface  of  interest,  coating 
this  film  with  carbon  (actual  replica),  shadowing  with 
evaporated  metal  (for  contrast)  and  finally  removal  of  the 
original  acetate. 


5.2.2  Ana  lysis 

To  prepare  the  oxide  surface  morphology  replicas  (20] 
from  each  cell,  the  metalization  was  removed  with  a  dip  in 
55  degree  Celsius  Metal  Etch  II  (73  %  phosphoric  acid,  6.6  % 
acetic  acid  and  0.83  %  nitric  acid)  until  the  metal  was 
cleared.  The  removal  of  the  polysilicon  layer  was 
accomplished  with  a  40-50  second  dip  in  95  %  polysilicon 
etch.  The  variation  in  etch  time  was  required  because  of 
the  slight  variances  of  poly  thickness  encountered.  Each 
etch  step  was  followed  by  a  thorough  rinse  and  dry.  After 
all  oxide  surface  samples  had  been  prepared  and  examined 
under  TEM,  the  piece  of  wafer  used  for  TEM  work  was  split  in 
half  and  nne  half  was  subjected  to  a  20  second  HF  (49'?.)  dip 
to  remove  all  thin  oxide.  This  half  was  then  replicated  to 
examine  the  Si  surface  morpholoav- 
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After  etching,  each  cell  was  scribed  in  five  separate 
locations  to  denote  the  five  study  sites  as  per  the 
statement  of  work.  Each  cell  was  then  rinsed  and  dried  to 
remove  gross  silicon  particles  created  by  scribing.  Thick 
acetate  replicating  tape  (.127  mm)  then  was  applied  to  each 
marked  capacitor  cluster,  allowed  to  dry  and  removed.  This 
process  was  repeated  two  more  times.  These  cleaning  steps 
greatly  reduced  artifact-producing  foreign  matter.  It  should 
be  noted  that  all  poly/oxide  replicas  were  from  failed  caps. 

The  actual  surface  replicas  were  produced  with  thin 
acetate  replicating  tape  (.022  mm)  and  were  produced 
immediately  after  the  third  piece  of  "cleaning"  tape  was 
removed  to  further  reduce  the  possibility  of  particle 
contamination.  The  surface  replication  was  achieved  by 
soaking  a  cotton  swab  in  acetone,  daubing  the  capacitor 
cluster  of  interest  and  immediately  applying  the  thin  tape. 
(NOTE:  Soaking  thin  tape  in  acetone  will  render  it 
useless.).  The  replicas  were  then  allowed  to  dry  overnight. 
Each  replica  was  carefully  removed  (minimal  tensile  force) 
and  excess  material  was  trimmed  off.  Each  was  then  placed 
on  a  clean  microscope  slide  with  double  sided  tape  with  the 
replicated  surface  facing  up  in  preparation  for  carbon 
coating . 

Carbon  coating  was  performed  at  a  vacuum  of  5.0  E-6 
torr.  Once  vacuum  conditions  were  achieved,  a  1/16  inch 
carbon  rod  was  evaporated  at  38  amps  for  30  seconds  (no 
sparking)  while  rotating  the  specimens.  This  resulted  in  a 
carbon  film  of  approximately  250-300  Angstroms  (21).  A 
Denton  Vacuum  DV-502  evaporator  was  used  for  this  procedure. 
Without  breaking  vacuum  and  with  the  specimens  stationary, 
Pt/Pd  shadowing  material  was  applied  at  an  approximate  15 
degree  angle  in  a  48  amp.,  1  second  flash.  The  carbon 
coated  replicas  were  again  carefully  removed  to  avoid  any 
tensile  stress  to  the  carbon  film.  The  coated  specimens 
were  washed  in  an  acetone  reflux  condensation  apparatus  in 
groups  of  three  in  order  to  remove  the  acetate  substrate. 

The  washing  apparatus  consisted  of  a  round  bottom  flask 
1/4  filled  with  clean  acetone  (semiconductor  grade),  a 
vertical  condensation  tube  and  a  cold  arm  maintained  at 
21-23  degrees  Celsius  by  recirculating  tap  water.  TEM  grids 
(200  mesh,  Ni )  were  then  placed  on  a  stainless  steel  screen 
attached  to  the  cold  arm.  The  unwashed  replicas  were 
strategically  placed  on  the  grids,  carbon  side  up.  The 
acetone  v;as  brought  to  a  boil  with  a  heating  mantle  around 
the  flask.  Washing  continued  for  approximately  1.5  hours. 


The  replicas  were  allowed  to  dry  in  ambient  air  and  placed 
in  a  replica  box.  After  washing  6  replicas,  the  acetone  was 
replaced  with  fresh  solvent. 

At  this  point  each  individual  replica  was  inspected  and 
mapped  optically  under  a  Polyvar  metalograph.  A  4"x  5" 
Polaroid  photograph  was  taken  at  low  magnification  showing 
the  entire  replica.  A  subsequent  examination  at  a  higher 
magnification  allowed  the  location  of  each  tested  capacitor 
to  be  marked  by  grid  square  on  the  low  magnification 
photographs.  Both  unstressed  and  stressed  to  fail 
capacitors  were  mapped  from  each  individual  cell  in  all 
locations.  This  procedure  eliminated  time-consuming 
searches  under  the  transmission  electron  microscope  for  the 
specific  areas  of  interest. 

Observation  conditions  on  the  Philips  EM-420  microscope 
were  as  follows:  120  KeV  accelerating  voltage,  condenser 
aperture  (50  micron  Pt/Th),  objective  aperture  (70  micron 
Au ) .  Two  randomly  selected  areas  from  the  unstressed 
capacitor  were  photographed  at  30,000x  and  a  third  area  at 
60,000x.  The  same  sequence  of  photographs  was  used  for  the 
stressed  to  fail  areas.  Only  the  30,000x  negatives  were 
printed.  The  prints  were  enlarged  to  a  standard 
magnification  of  122,  144x,  giving  a  standard  area  of  4 
square  microns. 

5.2.3  Results 

Cell  1,  wafer  23  had  an  oxide  thickness  of  247 
Angstroms,  was  radiated  with  500  Krad  of  gamma  radiation  and 
v;as  stressed  at  a  temperature  of  30  degrees  Celsius  at  200 
micro-amps  for  1  second.  The  oxide  surface  morphology  from 
the  unstressed  area  exhibited  a  medium  degree  of  roughness 
and  2-3  pit  anomalies  for  every  2  study  sites.  The  stressed 
oxide  surface  exhibited  a  medium  roughness  with  4-5  pit 
anomalies  for  every  study  site.  Silicon  surface  morphology 
showed  a  shallow,  raised  mottling  from  one  cell  area  and  a 
smooth  surface  from  the  alternate  area  from  both  stressed 
and  unstressed  areas. 

Cell  2,  wafer  25  had  an  oxide  thickness  of  280 
Angstroms,  did  not  receive  radiation  and  was  tested  at  30 
degrees  Celsius  at  500  micro-amps  for  1  second.  The 
unstressed  oxide  morphology  showed  a  low  degree  of  roughness 
with  a  concentration  of  3-5  pit  anomalies  (250  Angstroms 
in  diameter)  per  study  area  whereas  the  stressed  oxide 
indicated  a  higher  concentration  of  5-7  pit  defects  per  site 
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with  the  same  overall  surface  roughness  as  the  unstressed 
areas.  The  Si  surface  indicated  very  low  roughness  in  both 
the  unstressed  and  stressed  areas. 

Cell  3,  wafer  38  with  a  measured  oxide  thickness  of  234 
Angstroms  was  stressed  at  the  elevated  temperature  of  125 
degrees  Celsius  for  1  second  at  500  micro-amps  after 
receiving  a  500  Krad  dose  of  radiation.  Surface  texture 
through  the  5  sites  of  unstressed  oxide  ranged  from  smooth 
to  a  medium  roughness,  with  only  1  pit  anomaly  found  at  1 
site.  Two  shallow  projections  were  seen  in  another  study 
area.  From  the  stressed  oxide,  a  similar  roughness  trend 
was  seen  with  no  obvious  pitting  detected.  Both  the 
stressed  and  unstressed  Si  surfaces  were  generally  smooth. 

Cell  4,  wafer  27  with  a  measured  oxide  thickness  of  269 
Angstroms  was  stressed  at  125  degrees  Celsius  for  60  seconds 
at  500  micro-amps  with  no  radiation  dose.  Surface  texture 
of  the  unstressed  oxide  tanged  from  a  low  to  a  medium 
roughness  with  1-2,  200  Angstrom  pit  anomalies  found  in  2 
study  areas.  In  this  case,  the  stressed  oxide  surface 
showed  low  surface  roughness  with  the  pitting  density 
increasing  to  2  pit  anomalies  in  3  sites.  Both  Si  morphology 
samples  indicated  a  uniform  low  roughness  trend. 

Cell  5,  wafer  1  with  a  measured  oxide  thickness  of  58 
Angstroms  was  stressed  at  125  degrees  Celsius  for  60  seconds 
at  500  micro-amps  after  receiving  a  500  Krad  radiation  dose. 
Unstressed  oxide  surfaces  ranged  from  a  low  to  a  medium 
roughness  through  the  5  sites.  No  blatant  pitting  was 
detected,  but  analysis  of  one  site  indicated  30-40  shallow 
projections  (800  Angstroms  in  diameter).  The  stressed 
oxides  showed  the  same  range  of  roughness  again  with  one 
site  showing  30-40  shallow  projections  that  were  only  500 
Angstroms  in  diameter.  One  pit  anomaly  was  seen  on  two 
study  sites.  The  stressed  Si  surface  was  low  in  roughness 
while  the  unstressed  was  smooth  in  texture. 

Cell  6,  wafer  33  had  a  measured  oxide  thickness  of  232 
Angstroms.  This  cell  was  tested  for  60  seconds  at  200  micro¬ 
amps  with  a  temperature  of  125  degrees  Celsius  after  a  500 
Krad  dose  of  gamma  radiation.  Unstressed  oxide  surfaces 
exhibited  a  high  degree  of  roughness  in  some  areas  and  a 
medium  roughness  in  other  areas;  1  pit  anomaly  was  seen  in 
every  site.  The  stressed  areas  showed  the  same  roughness 
trend  with  the  pitting  increasing  to  2  for  every  site.  Again 
the  trend  of  the  Si  surface  was  smooth  for  both  stress 
conditions . 


Cell  7,  wafer  2  had  a  measured  oxide  thickness  of  51 
Angstroms.  It  was  stressed  for  60  seconds  at  30  degrees 
Celsius  with  500  micro-amps  without  being  irradiated. 
Unstressed  oxide  surfaces  showed  low  to  medium  roughness 
trends  with  3  pit  anomalies  seen  in  3  locations,  while  the 
stressed  oxide  surface  ranged  from  low  to  medium  to  high 
degrees  of  roughness  with  2  pit  anomalies  seen  in  two  sites. 
Si  surfaces  under  all  conditions  were  smooth. 

Cell  8,  wafer  34  turned  in  an  oxide  measurement  of  238 
Angstroms  and  was  stressed  for  1  second  at  200  micro-amps 
(125  degrees  Celsius)  with  no  pre-test  radiation.  Its 
unstressed  oxide  surface  was  found  to  be  in  a  range  from  low 
to  medium  roughness  with  possible  propagated  Si  defects 
which  appear  to  be  "decorated"  stacking  faults  (FIGURE  5.10) 
on  2  locations  with  1-2  pit  anomalies  seen  in  every  study 
site.  The  stressed  oxide  was  generally  smooth  with  2 
locations  showing  the  same  type  of  previously  described 
"crystal  defect".  Pitting  was  observed  to  be  at  the  same 
density  as  the  unstressed  areas.  The  Si  surfaces  were  both 
smooth  under  each  condition  except  for  1  stressed  area  which 
showed  some  mottled  projections. 

Cell  9,  wafer  35  had  a  measured  oxide  thickness  of  240 
Angstroms.  It  was  stressed  at  30  degrees  Celsius  for  60 
seconds  at  500  micro-amps  after  being  exposed  to  500  Krads 
of  gamma  radiation.  Its  unstressed  oxide  regions  showed  low 
roughness  with  no  pitting.  The  stressed  oxide  showed  a 
medium  roughness  with  4  pits  seen  in  1  study  site.  All  Si 
surfaces  in  all  cases  were  smooth  and  defect  free. 

Cell  10,  v/afer  3  had  a  measured  oxide  thickness  of  56 
Angstroms.  It  was  stressed  for  1  second  at  125  degrees 
Celsius  with  500  micro-amps  of  current;  it  was  not 
irradiated.  The  unstressed  oxide  was  shown  to  have  a  medium 
roughness  trend  with  only  1  defect  seen  on  1  site.  The 
stressed  oxide  surface  had  a  medium  roughness  with  3  pit 
anomalies  seen  in  1  site.  All  Si  surfaces  were  smooth  in 
all  cases  . 

Cell  11,  wafer  4  had  a  measured  oxide  thickness  of  55 
Angstroms.  Its  stressing  parameters  were:  60  second  stress 
of  200  micro-amps  at  a  temperature  of  125  degrees  Celsius. 
It  was  not  irradiated.  The  unstressed  oxide  surface  had  a 
medium  roughness  texture  for  all  study  sites  as  did  the 
stressed  oxide.  The  difference  was  seen  in  the  presence  of 
pitting  anomalies.  Three  pits  were  seen  in  2  separate 
locations  in  the  stressed  oxide,  while  no  pitting  was  seen 
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FIGURE  5.10  POSSIBLE  PROPAGATED  CRYSTAL  DEFECTS 

REPLICA  -  55,714X 
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in  the  unstressed  locations.  In  this  cell,  the  Si  surface 
was  found  to  be  uniformly  smooth  except  in  one  location  in 
the  stressed  region  where  1  or  2  small  pit  anomalies  were 
detected . 

Cell  12,  wafer  36  had  a  measured  oxide  thickness  239 
Angstroms  and  was  not  radiated.  It  was  stressed  for  60 
seconds  at  200  micro-amps  at  30  degrees  Celsius.  All 
surfaces  associated  with  all  stressed  and  unstressed 
conditions  were  not  useful  due  to  a  proliferation  of 
preparation-induced  artifacts.  This  proliferation  made 
accurate  surface  analysis  of  both  the  Si/oxide  and 
Poly/oxide  impossible. 

Cell  13,  wafer  5  had  a  measured  oxide  thickness  of  58 
Angstroms  and  was  irradiated  with  a  500  Krad  dose  of  gamma 
radiation.  It  was  stressed  for  1  second  at  500  micro-amps 
at  30  degrees  Celsius.  Unstressed  oxide  surfaces  showed  no 
pit  anomalies  with  medium  roughness.  Stressed  oxides  tended 
to  be  a  low-medium  texture,  with  3  pit  anomalies  seen  in  one 
study  site.  Both  stressed  and  unstressed  Si  surfaces  were 
generally  smooth  with  a  few  (500  Angstrom  in  diameter) 
projections  seen  in  the  stressed  Si  and  2  pits  seen  on  the 
one  study  site  from  the  no  stress  area. 

Cell  14,  wafer  6  had  a  thin  oxide  measured  at  57 
Angstroms  and  was  irradiated  with  500  Krad  of  radiation.  It 
was  stressed  at  125  degrees  Celsius  for  1  second  at  200 
micro-amps.  Unstressed  oxide  surfaces  tended  to  be 
generally  smooth  to  low  roughness  with  no  pitting.  One  site 
had  15-20  shallow  projections  that  were  1000  Angstroms  in 
diameter.  The  stressed  oxide  followed  the  same  trend  except 
for  3  pit  anomalies  seen  in  2  study  sites.  The  Si  surface 
morphology  was  generally  smooth  with  1-2  shallow  projections 
seen  on  1  site  from  both  stressed  and  unstressed  areas. 

Cell  15,  wafer  8  had  a  thin  oxide  thickness  measured  at 
60  Angstroms  with  a  dose  of  radiation  of  500  Krads.  It  was 
stressed  for  60  seconds  at  30  degrees  Celsius  with  200 
micro-amps  of  current.  Unstressed  oxide  surfaces  tended  to 
show  low  roughness  with  2  pit  anomalies  seen  in  one  study 
area  and  2  irregular  shaped  pits  in  a  separate  site. 
Stressed  oxides  were  rougher  with  a  medium  texture.  On  4  of 
5  sites,  a  few  shallow  projections  (450-1000  angstroms  in 
diameter)  were  found.  On  two  study  sites  2  pits  were  found 
on  each.  Both  Si  surfaces  were  determined  to  be  smooth 
under  all  conditions. 
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Cell  16,  wafer  9  with  a  thin  oxide  thickness  of  63 
Angstroms  and  no  radiation  exposure  was  stressed  for  1 
second  at  200  micro-amps  at  30  degrees  Celsius.  The 
unstressed  oxide  surface  showed  a  medium  roughness  with  only 
2  pit  anomalies  for  every  2  study  sites.  Likewise  the 
stressed  oxides  were  of  a  medium  texture  with  pit  density 
increasing  to  1-2  pits  for  every  study  site.  Again  Si 
surfaces  were  generally  smooth,  and  there  were  no  detectable 
di f ferences . 


Cell  17,  wafer  20  had  an  oxide  thickness  of  124  Angstroms 
and  a  50  Krad  dose  of  radiation.  Its  stress  conditions 
consisted  of  10  second  stress  time,  at  350  micro-amps  with  a 
70  degree  Celsius  temperature.  Both  the  unstressed  and 
stressed  oxides  showed  a  low  degree  of  roughness  with  no 
pitting.  The  stressed  Si  surface  morphology  was  generally 
smooth  as  was  the  unstressed  areas  except  on  one  site  which 
indicated  a  few  very  shallow  projections  and  depressions. 


5.2.4  DISCUSSIONS  AND  SUMMARY 


The  data  pointed  to  several  general  conclusions. 
Possible  trends  existed  in  several  different  categories  and 
groupings  of  cells.  (NOTE:  All  wafers  were  irradiated  at 
room  temperature.) 

Comparing  radiation  effects  between  50  Angstrom  thick 
unstressed  oxide  cells  the  following  observations  were  made. 
Less  pitting  was  seen  in  cell  15  (radiated)  as  opposed  to 
cell  16  ( non-radiated ) .  The  same  trend  was  also  seen 
between  cell  13  (radiated)  and  cell  7  (non-radiated),  both 
50  Angstrom  unstressed  oxides. 

Comparing  radiation  effects  between  200  Angstrom  thick 
unstressed  oxides,  a  similar  trend  is  noticed.  No  pitting 
was  observed  on  cell  9( radiated),  but  cell  2  (non-radiated) 
exhibited  a  fairly  high  degree  of  pitting. 

Two  other  200  Angstrom  oxide  cells,  cell  6  (radiated) 
and  cell  8  (non-radiated)  continued  to  support  this  trend. 
Cell  6  showed  roughly  half  as  much  pitting  as  was  seen  in 
cell  8.  FIGURES  5.11-5.14  show  this  difference  between 
unstressed  oxide  surfaces  of  radiated  and  non-radiated  cells 
(both  50  and  200  Angstrom  Tox). 

Comparing  the  effect  of  stress  temperature  on 
unstressed  oxides,  TEM  results  indicate  another  possible 
correlation  between  degree  of  pitting. 
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FIGURE  5.11  CELL  7  UNSTRESSED  OXIDE  NON-RADIATED 

50  ANGSTROM  TOX  -  MORE  PITTING 
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FIGURE  5.13  CELL  02  UNSTRESSED  OXIDE 

200  ANGSTROM  TOX  -  MORE 
REPLICA— 55, 714X 


NO  RADIATION 
PITTING 


104 


FIGURE  5.14  CELL  09  UNSTRESSED  OXIDE  RADIATED 
200  ANGSTROM  TOX  -  LESS  PITTING 
REPLICA— 55, 714X 


Cell  7  was  tested  at  30  degrees  Celsius  and  cell  10  at 
125  degrees  Celsius.  Pitting  was  found  to  be  more  extensive 
at  the  lower  temperature,  both  of  these  cells  had  50 
Angstrom  oxides.  Cells  11  and  16  (also  50  Angstrom  oxides) 
were  tested  at  125  and  30  degrees  respectively  and  found  to 
follow  the  same  trend.  An  oxide  surface  comparison  between 
cells  with  200  Angstrom  oxides  stressed  at  different 
temperatures  is  not  possible  between  cell  12  and  cell  8 
because  of  the  de-processing  of  cell  12?  however,  continued 
support  of  the  above  trend  is  found  between  cell  2  and  cell 
4  (200  Angstrom  oxides)  tested  at  30  and  125  degrees 
Celsius.  Cell  2  shows  more  pitting  than  cell  4.  This  trend 
is  illustrated  in  FIGURES  5.15-5.18  The  effect  of 
temperature  may  have  to  do  with  a  slight  annealing  effect 
from  the  elevated  temperature. 

These  observed  trends  are  not  completely  conclusive  and 
no  obvious  trends  were  seen  between  the  different  current 
conditions.  An  overall  trend  in  the  degree  of  pitting  seems 
to  exist  between  the  stressed  and  unstressed  capacitor  oxide 
surfaces  (more  pitting  in  stressed  surfaces);  This  may  be 
and  probably  is  inherent  to  stressing  the  capacitor  with  the 
method  used  in  the  study,  however,  because  of  the  multitude 
of  different  test  parameters  and  wafer  conditions  this  trend 
should  be  approached  with  caution.  TABLES  5.4  and  5.5  are 
summaries  of  the  observed  TEM  data.  It  also  must  be  noted 
that,  all  stressed  oxides  were  from  failed  capacitors. 

It  was  determined  from  the  beginning  that  the  original 
surfaces  were  affected  by  the  wet  etch  deprocessing.  It  was 
assumed  that  if  de-processing  was  kept  to  a  standard 
methodology  all  effects  on  the  sample  surface  (Si  and  Si02) 
would  be  equal  in  all  cells.  Nevertheless  some  enhancement 
of  the  micro-surface  has  occurred  and  should  be  taken  into 
consideration.  For  this  type  of  study,  however,  there  is  no 
way  to  avoid  such  enhancement. 

A  way  of  "reading"  the  various  structures  seen  in  the 
micrographs  was  developed.  It  was  known  that  the  actual 
replicas  of  holes  or  deep  "pitted"  areas  on  the  wafer 
surface  (Si  or  Si02)  would  be  vertical  projections  in  the 
carbon  film.  Likewise,  projections  on  the  wafer  surface 
replicated  as  vertical  depressions  on  the  carbon  replica. 
This  difference  caused  the  results  of  the  contrast  shadowing 
(Pt/Pd)  to  be  unique  for  each  structure.  The  projections  on 
the  replica  (pits  on  the  original  surface)  possessed  a 
shadow  (light  areas  in  micrographs)  that  at  the  point  of 
origin  conformed  to  the  general  shape  of  the  projection. 
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FIGURE  5. 


5  CELL  16  UNSTRESSED  OXIDE  30  DEGREE  CELSIUS  STRESS 
50  ANGSTROM  TOX  -  MORE  PITTING 
REPLICA— 55, 714X 
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FIGURE 


.16  CELL  11  UNSTRESSED  OXIDE  125  DEGREE  CELSIUS  STRESS 
50  ANGSTROM  TOX  -  LESS  PITTING 
REPLICA  -  55,714X 


\ 

I 


108 


FIGURE 


.17  CELL  02  UNSTRESSED  OXIDE  30  DEGREES  CELSIUS  STRESS 
200  ANGSTROM  TOX  -  MORE  PITTING 
REPLICA— 55, 714X 
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FIGURE  5.18  CELL  04  UNSTRESSED  OXIDE  125  DEGREES  CELSIUS  STRESS 

200  ANGSTROn  OXIDE  -  LESS  PITTING 
REPLICA— 55, 714X 


110 


Roughnass 

P-poly/oxid* 

Call  S-Si  surfaca  Pitting  Anoaaly 


Unstressed 

Stressed 

Unstressed 

Stressed 

»01 

W23 

275  ang.  P  madiuia-low 

200  uA,  30, 

P  medium-high 

2-3  pit/2  sites 

4  pit/site 

500  Krad  S  mottled-smooth 

1  second 

S  mottled-smooth 

(All  pits  250  ang. 

in  dia . ) 

*02 

W25 

280  ang. 

500  uA,  30, 

P  low 

P  low 

3-5  pit/sita  5-7  pit/site 

no  radiation 

1  second 

S  low 

S  low 

(All  pits  250  ang.  in  dia.) 

*03 

234  ang.  P  low-medium 

P  low-medium 

1  pit/1  site 

W38 

500  ua,  125, 

500  Krad  S  smooth 

S  smooth 

2  bump/l  site 

no  pits 

1  second 

(All  pits  200-250 

ang.  in  dia. ) 

*04 

269  ang.  P  low-medium 

P  low 

2  pit/2  sites 

2  pits/3  sites 

W27 

500  uA,  125, 
no  radiation  S  low 

S  low 

(All  pits  200-250 

ang.  in  dia. ) 

60  saconds 


»05 

58  ang. 

P  low-medium 

P  low-medium 

1  site-30 

1  site-30 

WOl 

500  uA,  125, 

800  ang.  diameter 

500  ang. 

500  Krad 

S  smooth 

S  low 

bumps 

diameter  bumps 

60  seconds 

1  pit/2  sites 

(All  pits  200-250  ang. 

in  dia. ) 

•06  232  ang.  P  madium/high  P  madium/high  1  pit/site  2  pit/site 

W33  200  uA,  125, 

500  Krad  S  smooth  S  smooth  (pits  250  ang.  in  dia.) 

60  seconds 


»07 
WO  2 

51  ang.  P 

500  uA,  30, 
no  radiation  S 
60  seconds 

low-medium 

smooth 

P  low-medium- 
high 

S  smooth 

3  pit/3  sites  2  pit/2  sites 

(All  pits  200-350  ang.  in  dia. 1 

*08 

238  ang.  P 

low-medium 

P  smooth 

2  pit/site 

2  pit/site 

W34 

200  uA,  125, 

no  radiation  S 

smooth 

S  smooth/ 

possible  crystal 

same  crystal 

1  seconds 

mottled 

defect  propagation 

defect 

into  oxide  in  phenomenon 

2  locations  in  tvro  locations 


»09 

240  ang. 

500  ua'  30, 

P  low 

P  medium 

no  pi  I-- 

’■  P'  .  :l,-- 

500  Krad 

S  smooth 

S  smooth 

(All  pits  250  ang. 

in  'Jia .  ! 

60  seconds 

TABLE  5 . 4  TEM  DATA  AND  TREND  SUMMARY 


Unstressed 

Stressed 

Unstressed 

Stressed 

»10 

56  ang. 

P  mediusi 

P  medium 

1  plt/1  site 

3  pit/l  site 

W03 

500  uA,  125, 
no  radiation 
1  sacond 

S  smooth 

S  smooth 

<All  pits  250  ang. 

in  dia. ) 

55  ang. 

P  swdium 

P  medium 

no  pits 

3  pits/ 2  sites 

W04 

200  uA,  125, 
no  radiation 
60  saconds 

S  smooth 

S  smooth 

(All  pits  250-300 

ang .  in  dia . ) 

*12 

239  ang. 

not  useable 

not  useable 

de-processing  problem 

W36 

200  uA,  30, 
no  radiation 
60  saconds 

not  usaabla 

not  usaabla 

#13 

58  ang. 

P  low-medium 

P  low-medium 

no  pits 

3  pit/1  site 

VMS 

500  UA,  30, 
500  Krad 

S  smooth/lsite 

S  smooth/1  site 

(All  pits  250-300 

ang.  in  dia. ) 

1  second 

2  pits/1  site 

500  Ang.  proj./l 

site 

*14 

57  ang. 

P  smooth-low 

P  smootv>-low 

no  pits 

3  pit/2  sites 

W06 

200  uA,  125, 

15-20  1000  ang. 

500  Krad 

S  smooth  with 

S  smooth  with 

diameter  bumps/1  site 

1  sacond 

1-2  shallow 

1-2  shallow 

proj./l  site 

proj./l  site 

(All  pits  250  ang. 

in  dia . ) 

*15 

60  ang. 

P  low 

P  medium 

2  pit/1  site 

2  pit/2  site 

W08 

200  uA,  30, 

2  irregular  pits/ 

few  shallow 

500  Krad 

S  smooth 

S  smooth 

1  site 

bumps 

1  sacond 

450-1000  ang. 
diameter  bumps 
on  4  sites. 

(All  pits  250  ang. 

in  dia . ) 

*16 

63  ang. 

P  medium 

F  medium 

2  pit/2  sites 

1-2  pit/site 

W09 

200  uA,  30, 
no  radiation 

1  second 

S  smooth 

S  smooth 

(All  pits  250-300 

ang.  in  dia . ) 

*17 

124  ang. 

350  uA,  70, 

P  low 

P  low 

no  pits 

no  pits 

50  Krad 

S  smooth 

10  seconds 

rt  few  shallow 
proj .  '1  -  ite 
+  depiessions 

SITE  =  4  SQUAP-E  MICP.OMS 

TABLE  5.4a  TEM  DATA  AND  TREND  SUMMARY  (CONT'D) 
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50  Angstrom  Oxide 
Average  #  Pits/Site/Cell 

Cell  #05  -  0  pit/site 

Cell  #07  -  1.8  pit/site 

Cell  #10  -  1  pit/site 

Cell  #11  -  0  pit/site 

Cell  #13-0  pit/site 

Cell  #14  -  0  pit/site 

Cell  #15  -  0.4  pit/site 

Cell  #16  -  0.8  pit/site 

4.0  total  average 
for  8  Cells 

4.0  pit/8.0  Cells  »  x 

X  «  .5  pit/site 

Total  Sites  ■  80 
Site  -  4  micron  srpiare 


200  Angstrom  Oxide 
Average  #  Pits/Site/Cell 

Cell  #01  -  1  pit/site 

Cell  #02  -  4  pit/site 

Cell  #03  -  1  pit/site 

Cell  #04  -  0.8  pit/site 

Cell  #06  -  1  pit/site 

Cell  #08  -  2  pit/site 

Cell  #09  -  0  pit/site 

Cell  #12  -  N/A 

9.8  total  average 
for  7  Cells 

9.8  pit/7.0  Cells  »=  x 

X  =  1.4  pit/site 


TABLE  5.5  OVERALL  PITTING  TREND  FOR 

UNSTRESSED  50  AND  200  OXIDES 
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50  Angstrom  Oxide 

Average  #  Pits/Site/Cell 

200  Angstrom  Oxide 

Average  #  Pits/Site/Cell 

Cell  #05  -  0.4  pit/site 

cell  #01  -  4  pit/site 

Cell  #07  -  0.8  pit/site 

Cell  #02  -  5.8  pit/site 

Cell  #10  -  0.6  pit/site 

Cell  #03  -  0  pit/site 

Cell  #11  -  0.6  pit/site 

Cell  #04  -  1.2  pit/site 

Cell  #13  -  0.6  pit/site 

Cell  #06  -  2  pit/site 

Cell  #14  -  1.2  pit/site 

Cell  #08  -  2  pit/site 

Cell  #15  -  0.8  pit/site 

Cell  #09  -  0.8  pit/site 

Cell  #16  -  1.5  pit/site 

Cell  #12  -  N/A 

6.5  total  average 

15.8  total  average 

for  8  cells 

for  7  cells 

6.5  pit/8.0  cells  »  x 

15.8  pit/7.0  cells  =  x 

X  «  .8  pit/site 

X  =  2.2  pit/site 

Total  Sites  «  80 
Site  =  4  micron  square 


TABLE  5.5a  OVERALL  PITTING  TREND  FOR 

UNSTRESSED  50  AND  200  OXIDES 
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From  the  source,  this  shadow  tapered  into  a  point,  looking 
much  like  a  comet  tail.  If  the  projection  was  low  enough, 
the  point  of  the  tail  was  less  pronounced.  The  tails  of  all 
replica  projections  pointed  in  the  same  direction  on  any  one 
micrograph.  (Whether  the  pit  anomalies  seen  in  the 
micrographs  are  actual  pin-holes  or  latent  defects  in  the 
oxide  is  not  known  because  of  problems  with  surface 
enhancement  (previously  mentioned)  and  the  possible 
enlargement  of  such  pin-holes.) 

Depressions  on  the  actual  replica  (vertical  projections 
on  the  surface  of  interest)  acted  as  bowls,  with  the 
shadowing  material  building  up  on  the  face  directly  opposite 
of  the  point  of  metal  evaporation.  This  left  the  shadows  of 
replica  depressions  pointing  in  the  opposite  direction  of 
shadows  from  replica  projections.  Depression  shadows  also 
tended  to  be  more  rounded  in  the  end  point  of  their  tails 
and  less  conformal  to  the  actual  replicated  structure.  The 
shadowing  differences  are  seen  in  FIGURE  5.19  . 

FIGURE  5.20  indicated  a  possible  artifact  produced 
during  replication.  The  extremely  round  and  well  defined 
projection  indicated  by  the  arrow  was  thought  to  possibly  be 
a  micro-bubble  produced  by  either  trapped  air  or  out-gassing 
of  the  sample  surface.  This  effect  was  seen  on  a  totally 
random  basis  and  infrequently  which  lended  to  suspicion  that 
they  were  preparation  artifacts  122). 

FIGURE  5.20  also  illustrates  the  effect  of 
overshadowing.  Overshadowing  slightly  reduced  the  resolving 
power  of  a  few  replicas;  some  finer  detail  was  lost. 
Over-shadowing  was  possibly  caused  by  the  timing  of  the  1 
second  flash  of  Pt/Pd  being  off  a  fraction  of  a  second.  It 
may  have  also  been  caused  by  the  temperature  of  the  replica 
substrate  (acetate)  being  too  warm  as  a  result  of  the  carbon 
evaporation.  Later  in  the  study,  this  factor  was  eliminated 
by  allowing  the  chamber  to  cool  for  2.5  minutes  after  carbon 
evaporation.  The  same  FIGURE  5.20  also  illustrates  the 
appearance  of  left  over  acetate.  The  undissolved  acetate 
takes  on  the  appearance  of  dark  blotches. 
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A. 


BUBBLE  ARTIFACT  B. 
GENERAL  VIEW  OF 
REPLICA  - 


ACETATE  CONTAMINANT 

OVERSHADOWING 

55,714X 
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6.0  CONCLUSIONS 


The  use  of  the  half  factorial  Hadamard  matrix  technique 
in  the  evaluation  of  the  stress  factors  involved  in  this 
experiment  using  constant  current  stress  has  provided  some 
general  directions  for  further  study  in  the  area  of  oxide 
reliability  and  the  relationship  between  the  stress  factors, 
charge  trapping  and  oxide  quality. 

The  effects  of  oxide  thickness,  stress  current, 
temperature,  stress  time  and  radiation  effects  on  oxide 
breakdown,  charge  trapping  and  generation  rates  have  been 
investigated . 

6.1  CONCLUSIONS  FROM  THE  ELECTRICAL  DATA 

It  was  concluded  from  the  electrical  data  that  stress 
current  density  has  a  strong  first  order  effect  on  time 
dependent  breakdown  of  ultra-thin  oxides.  The  data 
indicated  that  for  200  micro-amp  (0.3  amp.cm**2)  the  oxide 
time-to-fail  is  about  ten  times  longer  than  for  the  oxides 
stressed  with  500  micro-amp  (0.8  amp/cm**2).  Stress  current 
shows  important  effects  on  Nt;  oxides  stressed  with  500 
micro-amp  stress  currents  show  several  times  higher  Nt  than 
those  stressed  with  200  micro-amp.  Stress  current  effects 
on  G  only  show  an  important  effect  for  50  Angstrom  oxides 
but  not  in  the  case  of  the  200  Angstrom  oxides.  Statistical 
analysis  also  confirms  that  stressed  current  density  has  a 
strong  effect  on  oxide  time-to-fail,  Nt  and  G. 

Stress  temperature  also  shows  some  effect  on  oxide 
breakdown;  however,  it  is  rather  second  order  compared  to 
stress  current  density.  Stress  temperature  shows 
significant  impact  on  both  Nt  and  G.  Oxides  stressed  at  125 
degrees  showed  several  times  higher  Nt  and  G  than  the  oxides 
stressed  at  30  degrees.  Statistical  analysis  shows  that 
temperature  effect  is  the  second  most  important  factor  next 
to  current  density  for  Nt,  and  it  is  the  most  important 
factor  for  G.  Equations  for  time-to-fail,  Nt  and  G  as 
functions  of  stressed  current  and  temperature  were  generated 
from  statistical  analysis. 

Oxide  thickness  shows  little  effect  on  the  the 
time-to-fail  of  the  oxides  under  constant  current  stress; 
however,  the  breakdown  fields  are  around  14-16  MV/cm  for 
oxides  thickness  of  around  50  Angstroms  and  11-12  MV/cm  for 
oxides  with  thickness  of  around  200  Angstroms  with  0. 3-0.8 
amp/cm**2  stress  current  density. 
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Oxide  thickness  shows  a  strong  first  order  effect  on 
trapped  charge  density  (Nt)  and  trap  generation  rate  (G). 
Oxides  with  thickness  around  200  Angstroms  have  around  ten 
times  higher  Nt  and  G  than  oxides  with  thickness  of  around 
50  Angstroms  under  constant  current  stress. 

Radiation  has  little  effect  on  oxide  tirae-to-fail .  The 
samples  were  not  voltage  biased  for  this  experiment. 
Radiation  has  little  effect  on  both  Nt  and  G. 

Stress  time  required  to  reach  50%  cumulative  failure 
(T50)  is  roughly  ten  times  longer  than  required  to  reach  16% 
cumulative  failure  (T16)  for  200  angstrom  oxides.  However, 
(T50)  is  roughly  about  two  times  (Tl6)  for  50  angstrom 
oxides.  Hole  trapping  dominates  during  early  stress,  while 
electron  trapping  dominates  during  later  stress,  for  both 
the  50  angstrom  and  200  angstrom  oxides.  The  50  angstrom 
oxides  shift  rapidly  from  hole  to  electron  dominated 
trapping  and  the  200  angstrom  oxides  shift  more  gradually. 

6.2  CONCLUSIONS  FROn  THE  PHYSICAL  DATA  ( TEM  REPLICAS) 

As  indicated  by  the  TEM  micrographs,  less  surface 
pitting  was  observed  on  the  oxide  surface  of  oxides  that  had 
been  exposed  to  radiation  and  oxides  stressed  at  higher 
tempe  r  a  tu  re . 

No  trends  were  detected  when  comparing  cells  stressed 
with  different  current  densities. 

6.3  CONCLUSIONS  FROM  THE  PHYSICAL  DATA  ( SEH  SIGNAL  CURRENT) 

The  signal  current  technique  (EBIC)  with  bias  was  shown 
to  be  able  to  image  latent  defects  in  ultra-thin  oxides. 
The  signal  current  defect  images  were  observed  only  for 
samples  with  voltage  bias.  Random  latent  defect  locations 
were  observed  for  all  cells.  Thicker  oxides  tend  to  have 
more  latent  defects  near  or  at  the  diffusion  edges.  Stress 
current,  temperature  and  radiation  show  little  effect  on  the 
signal  current  data.  The  signal  current  data  did  indicate 
that  thinner  oxides  around  50  Angstroms  have  lower  latent 
defect  densities  when  compared  with  the  thicker  oxides 
around  200  Angstroms. 

6.4  RECOnriEMDATIONS 

In  future  research  on  this  subject,  it  is  recommended 
that  a  more  intensive  study  using  stress  current  (electric 


field)  and  temperature  splits  in  order  to  fully  investigate 
the  time  dependent  breakdown  and  charge  trapping 
characteristics  of  ultra-thin  oxides  be  done. 

Further  study  of  radiation  effects  should  be  done  with 
test  vehicles  that  are  under  voltage  bias  and  future  studies 
should  include  the  biased  signal  current  technique  (EBIC). 
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and  ■ie.lzc.te.d  acqu-L^^tlon  p^og^amA  4,n  6uppoxt  oi 
Command,  Contfiol,  Commiinlc.at4.oni  and  IntZ-tticinct 
(C^i)  actioizLzi .  Tzc.kntc.al  and  zngtmzatng"^ 
iuppoat  wttdtn  aazai  o^  compzzzncz  ti  pA.ov4.dza  zo 
ESV  PAogAam  O^^tczi  (POi)  and  othzA  ESV  ztemznti 
to  pzA^oAm  z^^zcttvz  acqutittton  OjJ  C^I  ii/itzmi, 

Thz  aAzai  o^  tzchntcal  compztzncz  tncZudz 
commun4.cat4.oni ,  command  and  contAol,  battle 
management,  tn^oAmatton  pAoceulng,  iuAvelllance 
iznioAi,  Intelligence  data  collection  and  handling, 
iclld  itate  iclencei ,  electAomagnetla ,  and 
pAopagatlon,  and  zlectAonlc,  maintainability, 
and  compatibility , 


